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ABSTRACT 
 Salt marshes are areas of high primary production that in turn support high secondary 
production.  Macrophytes, phytoplankton and a variety of benthic algae all contribute to the high 
primary productivity.  Each has the potential to contribute to the saltmarsh food web making it 
difficult to determine organic matter resources important to secondary production in salt 
marshes.  Furthermore, our understanding of saltmarsh food webs is complicated by 
anthropogenic effects such as nutrient inputs and exploitation of key predators.  I utilized a 
combination of natural abundance stable isotopes, isotope tracer additions, gut content analysis 
and manipulative experiments to determine the diets of saltmarsh consumers collected from tidal 
creeks within Plum Island Estuary, Massachusetts, USA (42˚44'N, 70˚52'W) and to address the 
effects of nutrient additions and species modifications on the saltmarsh food web.   
 Results indicate detritus of the vascular marsh plants, Spartina alterniflora and S. patens, 
was of limited dietary importance to many consumers.  Instead, microalgae, including epipelic 
and epiphytic diatoms and phytoplankton were dominant basal resources in the saltmarsh food 
web.  However, Spartina dietary contributions increased in the high-marsh intertidal later in the 
growing season.  Furthermore, the addition of nutrients altered the relative contribution of basal 
resources to the diet of infauna.  Specifically, nutrient additions facilitated a change in the diet of 
an oligochaete, Cernosvitosviella immota, from macrophyte detritus to epiphytic algae and a 
switch within algal resources from tidal resources (e.g., phytoplankton) to local sediment 
associated algae (e.g., epipelic and epiphytic microalgae) for two polychaetes, Nereis 
diversicolor and Manayunkia aestuarina.  This strongly suggests that anthropogenic nutrient 
inputs have the potential to increase the relative importance of algae to primary consumers and 
ultimately higher trophic levels.  My research further suggests the diet of an important 
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intermediate omnivore, Palaemonetes pugio, was altered with the reduction in abundance of a 
top omnivore, Fundulus heteroclitus.  Some P. pugio became more carnivorous when F. 
heteroclitus where reduced indicating top-down control of infauna by P. pugio mediated through 
behavior.  In the long-term, anthropogenic effects could fundamentally alter food web structure 
by changing saltmarsh species composition and linkages between primary producers and higher 
trophic levels.
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INTRODUCTION TO THE DIET OF SALTMARSH CONSUMERS 
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 Estuaries and associated salt marshes are among the most productive habitats in the 
world.  Primary producers including macrophytes and their detritus, phytoplankton, epiphytic 
algae and various types of benthic algae that all contribute to this high productivity.  The relative 
contribution of different primary producers to the saltmarsh food web has long been debated.  
The smooth cordgrass, Spartina alterniflora, and the saltmeadow cordgrass, Spartina patens, are 
the dominant macrophytes in many salt marshes along the east coast of North America.  
Historically, food webs in salt marshes were thought to be based on the detritus of these 
macrophyte plants, primarily Spartina alterniflora (Teal 1962, Odum 1980).  The important of S. 
alterniflora and its detritus (hereafter referred to as Spartina detritus) in supporting saltmarsh 
food webs and nearshore coastal waters (i.e. outwelling) has been a central theme in saltmarsh 
ecology and has been the subject of research for several decades (Nixon 1980, Odum 2000).  
More recent work, however, has deemphasized the role of Spartina detritus in saltmarsh food 
webs while emphasizing the importance of algal resources (Haines 1977, Sullivan and Moncreiff 
1990, Moens et al. 2002).  In this introduction, I first provide information on abundances and 
nutritional quality of primary producers as well as provide evidence from the literature for 
trophic support of saltmarsh consumers.  I then briefly discuss feeding modes of saltmarsh 
consumers.  Finally, I close with brief descriptions of each chapter that follows.  For the purpose 
of this dissertation, consumption of Spartina is addressed only as detritus and I exclude any 
discussion of small terrestrial invertebrates (e.g., insects and spiders) or larger vertebrates (e.g., 
horses, cattle) that may utilize live or dead Spartina on the high, intertidal marsh.  In addition, 
while consumers discussed in this chapter may be found in marshes worldwide, I focus primarily 
on consumers that inhabit salt marshes of the Plum Island Estuary, Massachusetts.      
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SALTMARSH PRIMARY PRODUCERS AND CONSUMERS 
Spartina Detritus and Associated Microbes.  Spartina detritus has long been thought to be an 
important dietary resource in salt marshes partly as a result of its visual dominance and high 
primary productivity.  Primary productivity of macrophytes from North American salt marshes 
ranges from 200 – 400 g C m-2 yr-1 (Mann 2000).  Although Spartina detritus is abundant in the 
salt marsh, its nutritional quality for animal consumers is poor.  Spartina is low in nitrogen and 
highly refractory consisting primarily of structural carbohydrates (Tenore 1988, Mann 2000).  
Furthermore, many saltmarsh animals do not have the digestive enzymes required to assimilate 
Spartina detritus.  However, microbes, including bacteria and fungi, may utilize Spartina detritus 
as an energy source.  Fungi are the dominant colonizers of standing dead shoots of Spartina spp. 
with smaller contributions from green algae, diatoms and bacteria that are present in much lower 
density (Newell and Palm 1998).  These colonizers are subject to consumption by epifauna such 
as snails and amphipods.  For example, the marsh amphipod, Ulhorchestia spartinophila, has 
been reported to scrape surface layers of Spartina detritus most likely in an attempt to remove 
microbes (Newell and Porter 2000).  Once Spartina detritus reaches the sediment, bacteria 
become the primary colonizers (Newell and Porter 2000).  Bacteria are thought to enhance the 
nutritional value of macrophyte detritus by incorporating dissolved inorganic nitrogen from 
surrounding waters (Fenchel 1972, White and Howes 1994).  Consumers that ingest the 
Spartina-microbe complex are usually thought to assimilate only the microbes (i.e. microbial 
stripping, Newell 1965).  The Spartina detritus is then egested where it is re-colonized by 
microbes.  Thus, Spartina detritus primarily enters the food web via microbial pathway.  Bacteria 
abundances, however, have been judged to be too low to meet energy demands of deposit feeders 
(Bowen 1980, Cammen 1980, Findlay and Meyer 1984).  Furthermore, bacteria cannot meet the 
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nutritional demands of most marine metazoans because they lack sterols that are important for 
crustaceans and many bivalves and they are poor sources of long-chain polyunsaturated fatty 
acids (PUFA) (Phillips 1984, Tenore 1988). 
Algae.  In addition to Spartina detritus, phytoplankton, macroalgae and microphytobenthos 
(MPB) including filamentous algae and epipelic and epiphytic diatoms, all have the potential to 
contribute to secondary production in salt marshes.  Phytoplankton may be available to saltmarsh 
consumers either in the water column or in or on sediments and on surfaces of objects such as 
Spartina stems as settled phytoplankton (i.e., phytodetritus).  Although increases in suspended 
particles of Spartina detritus decrease the relative abundance of phytoplankton in saltmarsh 
creeks, many suspension feeders effectively remove phytoplankton from the water column 
(Bayne and Newell 1983, Lopez and Levinton 1987).  MPB (also called benthic microalgae, 
BMA) are dominant features of saltmarsh mudflats and primarily consist of epipelic and 
epiphytic diatoms, green algae and cyanobacteria (Sullivan and Currin 2000).  MPB can be 
found in “unvegetated” mudflats as well as under the Spartina spp. canopy.  Rates of primary 
production by MPB in salt marshes have been reported to be from 10 to 100% that of 
macrophytes (Kreeger and Newell 2000 and references herein).  However, MPB biomass is often 
low, perhaps as a result of grazing pressure (Pinckney and Zingmark 1993), light or nutrient 
limitation (Sullivan and Currin 2000).  Algae may provide all the essential nutrients required by 
saltmarsh consumers.  Algae are good dietary sources of PUFAs, are high in nitrogen and are a 
good energy source (Tenore 1988).  Lopez and Levinton (1987) reported that surface deposit 
feeders may only meet metabolic demands from microbes where MPB are abundant.  
Furthermore, studies have shown corresponding increases in the abundances of deposit feeders 
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with increases in MPB, macroalgae and phytoplankton deposition (Kelaher and Levinton 2003, 
Marsh and Tenore 1990).   
 Stable isotopes have revealed the importance of MPB and phytoplankton to the food web 
of a variety of salt marshes.  For example, Wainright et al. (2000) found MPB was as important 
as Spartina detritus to the killifish, Fundulus heteroclitus in a Delaware salt marsh and  
McMahon et al. (2005) reported that phytoplankton and Spartina detritus were both important to 
the diet of F. heteroclitus in a Maine saltmarsh.  Similar results have been reported in multi-
species food-web studies from a number of geographic locations (e.g., Creach et al. 1997, 
Carman and Fry 2002, Kang et al. 2007, Winemiller et al. 2007).  For example, Currin et al. 
(1995) found that MPB and Spartina detritus were equally important to the food web of a North 
Carolina salt marsh.  Galván et al. (2008) reported large dietary contributions from 
phytoplankton and MPB to infauna of saltmarsh creeks in a Massachusetts marsh and that 
Spartina detritus was of limited value.  Maddi et al. (2006) found seasonal differences in the 
importance of microalgae for a harpacticoid copepod, Coullana sp., in a Louisiana salt marsh.  In 
summer, phytoplankton contributions to the diet were 87-100% for Coullana sp. while in the fall, 
winter and spring MPB contributed 68-88% of the diet of Coullana sp.  Studies have emphasized 
the potential dietary importance of filamentous algae and epiphytic diatoms for the grass shrimp, 
Palaemonetes pugio (Fleeger et al. 1999; Quiñones-Rivera and Fleeger, 2005), and infauna 
(Kanaya et al. 2007, Galván et al. 2008).  Thus, algae in its various forms can be an important 
dietary resource for saltmarsh consumers.    
Feeding Modes of Benthic Fauna.  Benthic fauna including infauna and epifauna are abundant 
biological components in salt marshes.  As both consumers of primary producers and prey for 
predators, benthic fauna connect higher trophic levels to basal resources (Bell and Coull 1978, 
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Bell 1979, Kneib 1984, Posey and Hines 1991, McCall and Fleeger 1995, Smith et al. 2000). 
Benthic infauna are important to sediment processes such as nutrient cycling and oxygenating 
sediments (Andersen and Kristensen 1988, Christensen et al. 2000, Nielsen et al. 2004).   
 Saltmarsh sediments contain large numbers of infauna including mussels, annelids 
(polychaetes and oligochaetes), harpacticoid copepods, ostracods, foraminifera and nematodes 
(Coull and Bell 1979, Levin 1996, Johnson et al. 2007, Fleeger et al. 2008).  Most salt marsh 
infauna may be classified by feeding mode as a suspension or deposit feeder; however, some 
species may have flexible feeding behavior (Fauchald and Jumars 1979, Taghan 1983).  For 
example, Streblospio benedicti and Manayunkia aestuarina are abundant polychaetes found in 
USA salt marshes and both use feeding tentacles to selectively surface deposit feed and 
suspension feed.  The type of feeding mode used may depend on water velocity as well as the 
type and availability of primary producers (Taghon et al. 1980).  Suspension feeders typically 
use phytoplankton as a food source but relatively few studies (excluding bivalves) have 
examined the specifics of the diet of saltmarsh infauna likely due to the small size of infauna.    
 Deposit feeders may further be classified into surface and subsurface feeders.  Surface 
deposit feeders include crabs, snails, polychaetes, and harpacticoid copepods as well as many 
others.  Some deposit feeders have feeding structures that allow for high food selectivity while 
others have only minimum selection capabilities (Lopez and Levinton 1987).  Representative 
subsurface deposit feeders include oligochaetes and nematodes.  Subsurface deposit feeders are 
considered the least selective of deposit feeders because they ingest large amounts of often poor- 
quality sediment while moving through the sediment matrix (Lopez and Levinton, 1987).  
Organic matter resources available to deposit feeders include detritus of Spartina and algae, 
settled phytoplankton, MPB and other microbes.  Surface algae and deposited phytoplankton 
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may be brought to sediment depths and made available through the feeding action of other 
infauna.  For example, the polychaete Nereis diversicolor may suspension feed from inside 
sediment burrows by using undulations to bring water containing suspended particles (including 
MPB and phytoplankton) into burrows.  Papaspyrou et al. (2006) reported elevated levels of 
phytoplankton in the burrows of N. diversicolor compared to surrounding sediments.  Few 
studies have examined the relative importance of different food resources for infauna, although 
recent uses of labeled compounds suggest that some subsurface feeders opportunistically 
consume freshly deposited phytodetritus (Levin et al. 1999, Franco et al. 2008, Nomaki et al. 
2008)          
 Epifauna including snails, amphipods, isopods as well as many others can be found from 
the low intertidal habitats to the high, intertidal marsh.  These consumers utilize a variety of 
feeding strategies including deposit feeding (mud snails and isopods), scavenger (mud snails) 
and detritivore that feed by shredding or scraping Spartina detritus and algae (some amphipods).  
Because epifauna live on top of the sediment, they may be susceptible to predation by fish, 
crustaceans and birds.         
Nekton.  Nekton in saltmarsh creeks include both resident and estuarine transient species.  
Nekton may consume basal resources through direct consumption or through trophic 
intermediates such as benthic fauna (infauna and epifauna).  Two estuarine resident species are 
the killifish Fundulus heteroclitus, and the grass shrimp, Palaemonetes pugio, which numerically 
dominate saltmarsh creeks (> 95%) along the northeastern US Atlantic coast, including the PIE.  
Killifish and grass shrimp are abundant omnivores that consume small benthic infauna, such as 
annelids and small crustaceans, as well as plant and algal material (Kneib 1986, Kneib 1997, 
Gregg et al. 1998, Cross and Stiven 1999, Fleeger et al. 1999, Quiñones-Rivera and Fleeger 
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2005).  In the PIE, the diet of killifish varies with local resources (Deegan and Garritt 1997).  
Manipulative studies (i.e., using inclusion/exclusion techniques or microcosms) suggest killifish 
and grass shrimp impact macroinfaunal densities (Kneib and Stiven, 1982 Posey and Hines 1991, 
McTigue and Zimmerman 1998, Beseres and Feller 2007).  Many studies have suggested the 
existence of complex, size-dependent interactions between F. heteroclitus and P. pugio (Kneib 
and Stiven 1982, Kneib 1987, Cross and Stiven 1999, Kunz et al. 2006, Carson and Merchant 
2007).  Specifically, large (>50 mm) F. heteroclitus consume small conspecifics (i.e., 
cannibalism) and consume and compete with P. pugio for food resources (i.e. intraguild 
predation, IGP).  Cross and Stiven (1999) suggest that the diets of small F. heteroclitus and P. 
pugio may both be influenced by predator avoidance behavior.   
 The natural interactions between the primary producers and consumers described above 
can be modified by anthropogenic influences.  My dissertation research is part of a large, 
multidisciplinary study (Deegan et al. 2007) called TIDE (Trophic cascades and Interacting 
control processes in a Detritus-based aquatic Ecosystem, at http://ecosystems.mbl.edu/tide/).  
TIDE is addressing anthropogenic nutrient effects (bottom-up) and removal of a key fish species 
(top-down) in whole saltmarsh creeks within the PIE Massachusetts, USA (42˚44'N, 70˚52'W).  
My contributions to TIDE have been to determine the relative importance of basal resources to 
saltmarsh consumers and to investigate anthropogenic influences of top-down and bottom-up 
control on the saltmarsh food web.   
 Top-down and bottom-up effects may alter the saltmarsh food web in a variety of ways.  
First, nutrient inputs may alter primary producer communities, primary producer biomass and 
nutrient content of primary producers (Cebrián 2004 and references therein).  Depending on the 
strength of primary producer-primary consumer interactions, these effects may propagate up 
9 
 
through the food web.  Second, top-down effects by predators may be exerted by direct lethal 
changes in density or by changes in behavior.  Changes in prey behavior in response to the 
presence/absence of predators are known as trait-mediated effects and may include a change in 
diet and/or the use of the landscape as refuge or foraging territory.   
CHAPTER INTRODUCTIONS 
 In chapter 2, I discuss primary producer contributions to the diet of abundant infauna 
within four habitats in a saltmarsh creek in the PIE.  Infauna investigated include a variety of 
polychaetes, an oligochaete and a harpacticoid copepod found in creek and high marsh habitats.  
I examined natural abundance stable isotopes in four habitats and conducted an 15N enrichment 
experiment in two habitats.  This study was published in 2008 in Marine Ecology Progress 
Series (Vol. 359:37-49). 
 In chapter 3, I investigated the diet of benthic fauna in saltmarsh creeks in five habitats 
from across the tidal gradient and with nutrient additions.  Benthic fauna investigated included a 
variety of consumers such as polychaetes, oligochaetes, an amphipod, an isopod, two species of 
snails and a bivalve that include both infauna and epifauna.  Nutrients were added to a whole 
saltmarsh creek with every incoming tide from mid-May to mid-October to mimic water column 
nutrient pollution and a 10 fold increase in nitrate and phosphate loading was achieved.  In this 
chapter, I report effects on the diet after 10 weeks of nutrient additions.  This chapter is in 
preparation for submission to a peer-reviewed journal.   
 In Chapter 4, I examined the effects of nutrient additions and reduction of a key fish 
species, adult F. heteroclitus, on the diet of two intermediate consumers, P. pugio and small F. 
heteroclitus.  Nutrients were added to a whole saltmarsh creek with every incoming tide to 
mimic water column nutrient pollution.  A block net was positioned across the right branch of 
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two creeks (one receiving nutrient additions and one ambient nutrient creek) and supplemented 
with minnow traps to reduce the number of killifish; overall killifish reductions averaged 60%.  I 
report results on the effects of nutrients and fish reduction after 10 weeks of manipulations.  This 
chapter is in preparation for submission to a peer-reviewed journal.         
 In Chapter 5, I examined the diet of saltmarsh consumers using a combination of natural 
abundance stable isotopes and multiple isotope additions.  15N enriched tracer was added to the 
water column of a whole saltmarsh creek for 42 days to separately label primary producers and 
allow for better consumer dietary resolution.  A simultaneous 13C enriched tracer was added to 
the benthos in two habitats on day 27 of the 42-day 15N addition to further elucidate basal 
resource use by important constituents of the benthos.  Consumers investigated include nekton, 
epifauna and infauna.  This chapter is in preparation for submission to a peer-reviewed journal.   
 In Chapter 6, I summarize the findings from chapters 2 – 5 and indicate how this work 
adds to our understanding of saltmarsh food webs.  I then compare the use of natural abundance 
stable isotopes with isotope tracer studies.  Finally, I briefly discuss the use of mixing models in 
food web studies.     
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CHAPTER 2 
 
STABLE ISOTOPE ADDITION REVEALS DIETARY IMPORTANCE OF 
PHYTOPLANKTON AND MICROPHYTOBENTHOS TO SALTMARSH INFAUNA* 
 
 
 
 
 
 
 
 
 
 
 
*Reprinted by permission of the journal Marine Ecology Progress Series: 
Galván K, Fleeger JW, Fry B.  Stable isotope addition reveals dietary importance of 
phytoplankton and microphytobenthos to saltmarsh infauna.  Marine Ecology Progress 
Series 359:37-49 
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INTRODUCTION 
 Estuaries and associated salt marshes are among the most productive ecosystems in the 
world.  Macrophyte marsh plants, phytoplankton and benthic algae that include macroalgae, 
filamentous algae, associated epiphytes and sediment-associated microphytobenthos (MPB), all 
contribute to high primary productivity.  Each of these types of primary producers is a potential 
food source for estuarine consumers.  Historically, food webs in salt marshes were thought to be 
based on the detritus of macrophyte plants, primarily Spartina alterniflora and S. patens (Teal 
1962).  However, Spartina spp. detritus is low in nutritional value and is more refractory to food 
web use than other estuarine primary producers (Tenore 1988, Mann 2000).  Bacteria may 
improve the nutritional value of macrophyte detritus by incorporating nitrogen from surrounding 
waters but even so, bacterial biomass and production are probably too low to wholly support 
deposit feeders (Cammen 1980, Lopez & Levinton 1987).  For example, van Oevelen et al. 
(2006) found bacteria contributed minimally to the diet of intertidal benthic infauna.  Recent 
attention has been given to the dietary role of the less conspicuous MPB, macroalgae, 
filamentous, and epiphytic algae (here collectively called benthic algae) that inhabit marsh 
mudflats and surrounding areas (Haines & Montague 1979, Kwak & Zedler 1997, Quiñones-
Rivera & Fleeger 2005).  Specifically, isotope studies have revealed the importance of MPB and 
other algae to the diet of saltmarsh infauna (Herman et al. 2000, Levin et al. 2006).  Because they 
are relatively nutritious and easy to digest, algae may be a preferred food source for deposit- and 
suspension-feeding infauna even though they may live in a sediment matrix rich in Spartina 
detritus (Lopez & Levinton 1987, Kreeger & Newell 2000, Sullivan & Currin 2000).   
 Infaunal invertebrates play an important role in the structure and function of saltmarsh 
ecosystems, especially because they are abundant across the marsh landscape from tidal creek to 
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marsh platform.  As herbivores and as prey for fish and shellfish, infauna are key intermediate 
consumers linking higher trophic levels to basal food resources.  In addition, grazing by infauna 
may limit primary producer biomass (Carman et al. 1997).  Infauna have a range of feeding 
modes including surface- and subsurface deposit feeding as well as suspension feeding which 
allow infauna to exploit an array of living or detrital primary producers (Fauchald & Jumars 
1979).  The type of feeding mode utilized may vary with season, tidal flow, habitat, presence of 
predators and phytoplankton abundance (Esselink & Zwarts 1989, Smith et al. 1996, Vedel 
1998).  As a result, the diet of infauna may change over space and time (Carman & Fry 2002, 
Maddi et al. 2006).  Similarly, food resources (i.e. phytoplankton, MPB and Spartina spp. 
detritus) may be spatially and temporally variable.  For example, subsurface-deposit feeders, e.g., 
oligochaetes, are frequently assumed to be macrophyte detrital feeders due to their spatial 
segregation from surface microalgae.  However, subsurface feeders may consume settled 
phytodetritus (Levin et al. 1999, Holmes et al. 2000, Hughes et al. 2000).  In addition, some 
infauna possess feeding structures that may be placed above the sediment-water interface to 
suspension feed or on the sediment to surface deposit feed (Fauchald & Jumars 1979).  These 
organisms may switch feeding behavior based on availability as well as quantity and quality of 
resources.  For instance, at low tide, infauna inhabiting aerially exposed mudflats cannot 
suspension feed.  Conversely, the amount of phytoplankton, suspended MPB and sediment may 
vary with tidal stage in water at higher elevations (such as the marsh platform), which may in 
turn influence the type of feeding.   Such natural variability and small size of infauna have made 
it difficult to accurately determine basal resource contributions (Carman & Fry 2002).   
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Nonetheless, the infaunal role in salt marsh food webs as both prey and consumers is pervasive 
and warrants continued investigation.   
 The use of multiple natural abundance stable isotopes has become an important tool in 
investigating trophic interactions.  Furthermore, improved techniques have facilitated isotope 
analysis of small organisms such as infauna (Carman & Fry 2002).  However, natural abundance 
stable isotopes are most helpful in systems with few primary producers that each have distinct 
isotope values (Haines & Montague 1979, Moncreiff & Sullivan 2001).  The utility of natural 
abundance stable isotopes is limited in resolving food web questions in systems such as salt 
marshes when primary producer have similar isotope values.  One way to increase the power of 
stable isotope studies is to add isotope labels (Hughes et al. 2000, Carman & Fry 2002, Levin et 
al. 2006, van Oevelen et al. 2006).  When primary producers have similar natural isotope values, 
the goal of isotope additions is to enhance primary producer isotope differences for more 
accurate determination of basal resource contributions in food webs.   
 We used the combination of a natural abundance stable isotope survey and experimental 
15N-additions to assess small infauna-primary producer trophic linkages across the marsh 
landscape.  Our null hypotheses were (1) there is no difference in the relative contribution among 
primary producers to the benthic food web, and (2) dietary contributions from primary producers 
to benthic food webs do not change spatially from creek to marsh platform habitats.  An 
alternative hypothesis is that one or two basal resources such as Spartina detritus or benthic 
algae and phytoplankton were dominant in supporting infaunal consumers.  The hypotheses were  
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tested across the marsh landscape in mudflat, creek wall, S. alterniflora understory and S. patens 
understory habitats.     
MATERIALS AND METHODS 
Study Area.  Our investigations were carried out in the Plum Island Estuary (PIE) 
Massachusetts, USA (42˚44'N, 70˚52'W).  PIE has extensive salt marshes; Spartina alterniflora 
and S. patens are the dominant macrophytes on the marsh platform.  Salinities at the 
experimental site at the time of the experiment ranged from 8 to 28‰.  The estuary experiences 
semi-diurnal tides with approximate 3 m tidal amplitude.   
Within tidal creeks, steep, almost vertical, 2-m high creek walls are irregularly covered 
with macroalgae and filamentous algae.  At the time of the addition experiment, macroalgae 
were rare in and around the study site and were not observed in any algal collections.  However, 
there was a nearly continuous, ~20 cm high band of Rhizoclonium spp. filamentous algae 
(consisting of long filaments up to 500-µm in diameter), near the top of the creek wall.  At low 
tide within tidal creeks surrounding the marsh, gently-sloped mudflats were aerially exposed.   
Macroinfauna in PIE are distributed broadly throughout creek and marsh platform with 
similar salinity and consist mostly of annelids (Johnson et al. 2007).  Meiofaunal communities 
are dominated by nematodes and harpacticoid copepods (Fleeger et al. 2008).  Potential 
predators on infauna include killifish, Fundulus heteroclitus, green crabs, Carcinus maenas and 
the grass shrimp, Palaemonetes pugio (Deegan et al. 2007).   
Collections.  In order to determine the diet of infauna in different saltmarsh habitats, we 
collected primary producers and infauna from four habitats:  mudflat, creek wall, S. alterniflora 
understory and S. patens understory.  Epipelic or migrating diatoms served as a proxy for MPB 
and were collected from mudflat using 125µm nitex mesh (15.2 cm2 in area).  Nitex was placed 
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directly on exposed mudflats, moistened with seawater filtered with precombusted (4 h at 480º 
C) GF/F Whatman filters that have nominal 0.7µm retention.  Air bubbles under the nitex mesh 
were removed by smoothing by hand.  Nitex was retrieved after 1 h.  In the laboratory, MPB 
samples were decanted 3-5 times to separate microalgae from denser detrital and sediment 
particles.  Microscopic inspection of the purified samples indicated that pennate diatoms 
dominated collections.  Samples were filtered on pre-combusted, Whatman GF/F filters for 
isotope analysis.  We also attempted to collect migrating MPB from creek wall sediments using 
nitex.  Only minute amounts were collected and these were insufficient for isotope analysis.  
Creek wall may not be as hospitable for MPB as mudflat due to its relatively more compacted 
sediments that contain large volumes of S. alterniflora root tissue (see Figure 2.1).  In addition, 
filamentous algae inhabiting creek wall form a canopy that may shade underlying sediments.  
Filamentous algae from creek wall were collected by hand and sonicated for 1 min to remove 
associated epiphytic diatoms.  The resulting algae were inspected by microscopic examination, 
and only algae devoid of epiphytic diatoms were utilized for stable isotope analysis.  Epiphytes 
(mostly diatoms) were removed by sonication and were filtered on pre-combusted Whatman 
GF/F for isotope analysis.  Two replicate 1L Nalgene bottles were submerged in the water 
column at high tide to collect suspended particulate organic matter (SPOM).  SPOM samples 
were rinsed through a 63-µm sieve and fractions were examined microscopically.  The portion of 
sample < 63-µm visually contained a greater proportion of phytoplankton with fewer 
zooplankton.  Sieved SPOM was filtered on pre-combusted, Whatman GF/F filters for isotope 
analysis, and was used as a proxy for phytoplankton.  Leaves of live S. alterniflora and standing 
dead S. patens were clipped with garden shears from the marsh platform.  Leaves were cleaned 
of foreign debris, rinsed with distilled water and dried at 70˚ C.  We used macrophyte leaves 
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from live S. alterniflora as a proxy for S. alterniflora detritus.  Currin et al. (1995) found no 
difference in δ13C values between live and standing dead S. alterniflora but found lower δ15N 
values in standing dead S. alterniflora.   
 
 
 
 
 
 
 
Figure 2.1.   Modified schematic (not to scale) from Johnson et al. (2007) of sampled saltmarsh 
habitats with approximate size ranges of habitats:  mudflat (MF); creek wall (CW); Spartina 
alterniflora understory (SA); Spartina patens understory (SP). 
 
For infauna collections, multiple large (6.5 cm diameter) and small cores (2.2 cm 
diameter) were taken in all four habitats.  Large cores were taken to 5 cm in depth, and sediments 
were sieved through a 500µm screen for macrofauna.  Small cores were taken to 2 cm in depth, 
and sediments were sieved through a 63µm screen for meiofauna.  Eight large cores and sixteen 
small cores were taken in the more detailed studies of both the mudflat and creek-wall habitats.  
In these habitats, infauna were pooled by species to obtain adequate sample mass for isotope 
analysis and to homogenize spatial variability within habitats.  For S. alterniflora and S. patens 
habitats, replicate samples of pooled organisms were taken under the macrophyte canopy (2 per 
habitat).  In an attempt to capture spatial variability within habitats, replicates were taken 
randomly within a 40 m2 area of S. alterniflora and a 1000 m2 area for S. patens.  All samples, 
excluding macrophytes, were preserved in a 5% buffered formalin-Rose Bengal solution.  
Channel 
      SP 
  20  – 40 m 
      SA 
  2  – 3 m CW 1 – 2  m 
       MF 
  0.5 – 1.5 m 
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Edwards et al. (2002) and Levin et al. (2006) both report short-term fixation in formalin has little 
effect on δ15N and δ13C values.  After samples were sieved, infauna were sorted from remaining 
sediment and organic matter using a dissecting microscope.  Gut contents were extruded from all 
infauna and organisms devoid of gut contents were rinsed with deionized water and dried at 70˚ 
C for 24 h for isotope analysis.  All annelids were prepared for isotope analysis within two weeks 
after fixation.  Samples for isotope analysis were not acidified but were rinsed with deionized 
water to remove external sediment.  Natural abundance δ15N and δ13C stable isotope values for 
primary producers and infauna were determined from samples taken within 1 week prior to the 
start of the 15N-tracer addition and were treated as time 0.  Natural abundance δ15N isotope 
values were used to determine trophic level, while δ13C isotope values were used to determine 
food source contributions (Fry 2006).    
15N-tracer Addition.  An isotope addition experiment was carried out in 4, 1-m2 plots within 
two habitats in Sand Creek within PIE from July 21 to August 4, 2004.  Two plots were placed in 
mudflat habitat and two plots were placed in creek-wall habitat.  Plots were marked at the 
corners with PVC poles (30 cm in length). We added 0.29 g of 10% 15N-enriched NaNO3 daily at 
low tide directly to sediment in all plots for 14 d.  The 15N-enriched NaNO3 was dissolved in 
Whatman GF/F filtered seawater and was applied using a common garden sprayer.  Due to the 
vertical nature of creek wall, time exposed to the enriched isotope may have differed from 
mudflat.  However, the canopy-like quality of filamentous algae in creek wall enhanced retention 
of 15N-enriched water.  Based on nutrient concentrations typical of tidal creeks in PIE (Deegan et 
al. 2007), the amount of 15N-enriched nitrate added did not significantly alter ambient 
concentrations and is, therefore, considered a tracer addition and not a fertilizer addition.  
Furthermore, 15N enrichment in phytoplankton and Spartina spp. detritus is unlikely because of 
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dilution/advection of the isotope signal when the tide returns and because non-living detrital 
material cannot take up the isotope label.  Bacteria that use Spartina spp. detritus as a carbon 
source may take up enriched 15N, but δ13C natural abundance stable isotopes of this detritus and 
its consumers should reflect the δ13C values of Spartina spp. detritus (Kreeger & Newell 2000).    
To determine changes in δ15N isotope values for primary producers and infauna over the 
14-day 15N-addition, samples were collected by the methods described above from enrichment 
plots on days 3, 7, 9 and 14 (last day of addition).  Samples were taken prior to the daily 15N-
addition and samples were collected on day 21, one week after the addition stopped.  
Filamentous and associated epiphyte algal samples from day 14 were lost in transit to Louisiana 
State University.  Heavy rainfall prevented collections of MPB on day 21 because mudflats did 
not become aerially exposed at low tide.   
The small size of infauna and the requirements for sample mass for stable isotope 
analysis made replicate collections of infauna problematic.  To compensate, in our natural 
abundance study, we pooled creek samples from individual habitats (mudflat and creek wall, see 
methods) into composites from several samples but replicated marsh platform samples (S. 
alterniflora and S. patens understories).  Multiple individuals of infaunal species (25-60), as 
described above, were pooled for analysis.  We compared natural abundance stable isotope 
values from mudflat and creek-wall habitats in Sand Creek to replicate (3 per habitat) samples in 
an adjacent creek and found δ13C values differed by < 1.0‰ in the mudflat habitat for S. 
benedicti and P. litoralis.  δ13C values for S. benedicti and P. litoralis in an adjacent creek were -
19.6, -18.4 and -19.5‰ and -20.6, -20.5 and -19.7‰ respectively.  In the creek-wall habitat, δ13C 
values for M. aestuarina differed by < 0.5‰ in the adjacent creek and were -21.7, -21.4 and -
21.0‰.  The similar isotope values suggest that our values closely represent true mean isotope 
26 
 
values of these consumers and therefore represent the true diet.  The enrichment study was 
conducted in only small 1m2 plots and this small scale also limited the faunal biomass available 
for sampling.  Although replication was low, patterns of enrichment over the 21-d experiment 
were consistent and showed either high enrichment or low enrichment.   
Gut-Content Analysis.  Gut contents of Nereis diversicolor and Streblospio benedicti were 
extracted to study ingested material.  Infauna were bisected and ingested material was excised 
with forceps.  In addition, Paranais litoralis (mudflat, S. alterniflora understory), Manayunkia 
aestuarina (creek wall) and Fabricia sabella (creek wall) were digested whole in HCl acid 
(Azovky et al. 2005).  Gut contents and digestion remains from time 0 were examined 
microscopically to supplement diet information obtained from stable isotope analysis.   
Mass Spectrometry.  Most samples were analyzed in the University of California, Davis Isotope 
Facility using a continuous flow isotope ratio mass spectrometer.   Some samples were analyzed 
at Louisiana State University using an elemental analyzer-stable isotope ratio mass spectrometer 
system (EA-MS system) following the protocol of Carman & Fry (2002).  Samples were 
reported relative to the standards, atmospheric N2 and Vienna Pee Dee Belemnite (VPDB) 
carbon.  Stable isotope values are reported in δ notation: 
δ13C or δ15N = [(Rsample/Rstandard) – 1] × 103 
where R is respectively 13C/12C or 15N/14N.   
Mixing Models and Trophic Enrichment Factors (TEFs).  A three-source mixing model was 
used to determine possible contributions of primary producers to the diet of infauna from natural 
abundance data at time 0 (δ13C and δ15N; four habitats) and from the results of the 15N- 
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enrichment experiment (mudflat and creek wall).  The mixing model is based on three mass 
balance equations (Fry 2006):   
f1 + f2 + f3 = 1                                                      (1) 
where subscripts 1-3 denote the three sources and f  is the contribution of each source  
f1 * δ13C1 + f2 * δ13C2 + f3 * δ13C3 = natural abundance δ13C of the sample,  (2) 
f1 * δ15N1 + f2 * δ15N2 + f3 * δ15N3 = δ15N or δΕ                                            (3) 
In equation 3, δ15N is natural abundance stable isotope values for samples collected prior to the 
15N-addition (time 0) from mudflat, creek wall, S. alterniflora and S. patens and (henceforth 
referred to as the natural abundance model), or δ15N=δΕ where δΕ = highest δ15N observed during 
the 21-d experiment – natural abundance δ15N from time 0 (henceforth referred to as the 
enrichment model; Table 2.1).  We used the highest observed δ15N enrichment because we 
assumed tissue turnover was rapid and that all infauna reached C and N isotope steady state 
equilibrium with the new labeled diets.  Generally, interspecific differences in δ15N enrichment 
over the 21-d experiment may be attributed to differences in tissue turnover times or the 
importance of unlabeled dietary food source(s).  Consumers with a larger body size are expected 
to reach tissue equilibrium more slowly than smaller animals and may assimilate less 15N label 
over a short-term (14 day) experiment such as ours.  We based our assumption of tissue 
equilibrium on the larger size but high level of enrichment in N. diversicolor during the 
experiment (mudflat, Table 2.2) and rapid tissue turnover times reported for both C and N in 
deposit- feeding chironomids of a mass similar to the annelids studied here.  In that study (Doi et 
al. 2007), isotope equilibrium was reached at 12 d.  To determine source contributions in the  
 
28 
 
enrichment model, we used the natural abundance δ13C values averaged over the 21-d 
experiment plus δE.      
Sources were spatially distinct among habitats, and we therefore varied the primary 
producers used in mixing models depending on habitat.  Mixing models included either 1) 
SPOM, the local dominant Spartina and epiphytes for the creek-wall habitat or 2) SPOM, MPB 
and the local dominant Spartina for all other habitats.  MPB was not abundant in the creek wall 
and was therefore excluded from creek wall mixing models.  We used MPB isotope values from 
the mudflat as a proxy for MPB under the Spartina canopy.  However, isotope values for the 
same organisms may change over space and time, and it is possible different species of MPB are 
found in different habitats.  Thus, isotope composition of MPB in the marsh platform may have 
differed from mudflat.  In the following year, we subsequently observed that MPB isotope values 
from samples collected under the S. alterniflora canopy were slightly more enriched in δ13C (-
17.1 ‰) than their mudflat counterparts (-19.2 ‰ ± 0.2; Galván unpublished).  If MPB isotope 
values on the marsh proper were more enriched than mudflat values in our study year, the mixing 
model would yield even smaller dietary contributions from Spartina spp.   
Live filamentous algae were excluded from mixing models based on large algal size (up 
to 500 µm diameter) relative to the morphology of infauna and because the addition experiment 
and gut content analysis did not suggest ingestion.  In creek-wall, infauna may feed on living or 
detrital filamentous algal particles.  However, PIE lacks a number of intermediate algal and 
detrital shredders (i.e. crabs) found in more southern salt marshes that could provide detrital 
material for consumers.  Carcinus maenas, the green crab, and mud crabs in the family  
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Xanthidae are found in PIE; however, the nature of the vertical wall generally restricts these 
consumers to mudflats and subtidal areas.   
Generally, consumer natural abundance stable isotope values differ predictably from their 
food source values.  This difference, fractionation or trophic enrichment factor (TEF = δconsumer – 
δfood source), is used in natural abundance stable isotope models to determine diet.  For δ13C, a TEF 
of 0.5‰ was used for infauna in mixing models (Fry 2006).  For δ15N, many studies use an 
average TEF of 3.4‰ (Minagawa & Wada 1984); however, Vanderklift & Ponsard (2003) and 
McCutchan et al. (2003) reported relatively smaller (< 3.4‰) 15N TEFs for marine organisms, 
detritivores and invertebrates.  To better asses this 15N TEF in our study animals, we first 
determined diet through the addition of enriched 15N and then used this acquired knowledge of 
diet to determine species-specific TEFs with natural abundance stable isotopes.  When feasible, 
these TEFs were used in mixing models to more accurately determine basal resource 
contributions.   
RESULTS 
A total of 19 species of annelids and 38 species of copepods were found in quantitative 
studies across habitats in PIE (Johnson et al. 2007; Fleeger et al. 2008) and isotope analyses were 
conducted on the more abundant infaunal species.  These species included  annelids, Nereis 
diversicolor (mudflat and creek wall), Streblospio benedicti (mudflat), Paranais litoralis 
(mudflat, S. alterniflora and S. patens understories), Manayunkia aestuarina (creek wall, S. 
alterniflora and S. patens understories), Fabricia sabella (creek wall), Pygospio elegans (creek 
wall) and the abundant harpacticoid copepod Heterolaophonte sp. (creek wall).   
Natural Abundance Stable Isotopes.  Natural abundance stable isotope values of primary 
producers at the beginning of the addition experiment for δ15N ranged from 5.3‰ to 6.4‰, with 
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the exception of SPOM which was 8.9‰ ± 3.4‰.  δ13C values showed a wider range (Table 2.1) 
with lowest values for SPOM (-23.7 ± 1.3‰), highest values for Spartina alterniflora (-13.2‰) 
and intermediate values for benthic algae (Table 2.1).   
    Mudflat Habitat.  At time 0, S. benedicti, P. litoralis and N. diversicolor had relatively 
depleted δ13C natural abundance values compared to S. alterniflora (Table 2.1, Figure 2.2).  All 
three had δ13C values that differed from S. alterniflora by a relatively large amount, ≥ 3.9‰ 
(Table 2.1).  Results from the natural abundance model for N. diversicolor, S. benedicti and P. 
litoralis indicate MPB dominated diets at 93, 90 and 91% respectively (Table 2.1).   
    Creek-wall Habitat.  At time 0, the sabellid polychaetes, M. aestuarina and F. sabella, had 
relatively low δ13C values of –21.3 ± 0.2‰ and –20.8‰ and δ15N values of 8.2 ± 0.4‰ and 
6.8‰ respectively.  P. elegans, a spionid polychaete, and Heterolaophonte sp., a harpacticoid 
copepod, both had δ13C values that were close to filamentous algae and epiphytic diatoms (Table 
2.1).  Natural abundance δ13C and δ15N values for N. diversicolor were respectively –20.1‰ and 
7.9‰ and were similar to mudflat values.  All of the infauna had δ13C values that again differed 
from S. alterniflora or S. patens by a relatively large amount, ≥ 3.9‰ (Table 2.1).  Results from 
the natural abundance model indicate that Spartina contributed little (at most 17%) to the diet of 
creek wall infauna (Table 2.1); instead the diet consisted primarily of benthic and pelagic algae 
(83-99%).  The natural abundance model indicated that epiphytes contributed most to the diets of 
N. diversicolor and Heterolaophonte sp. at 55 and 92% respectively while SPOM contributed 
most to the diets of both M. aestuarina and F. sabella at 69 and 72% respectively.       
     Spartina Understory.  M. aestuarina and P. litoralis were collected from sediments on the 
marsh platform from two habitats:  S. alterniflora and S. patens understories.  Similar to creek 
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habitats (mudflat and creek wall), annelids collected in both S. alterniflora and S. patens 
understories were relatively depleted in 13C compared to S. alterniflora (Table 2.1), indicating a 
diet based primarily on benthic and/or pelagic algae.  Results from the natural abundance model  
indicate that MPB and SPOM contributed a combined 77-98% of the diet for both species on the 
marsh platform while Spartina spp. contributed 2-23% (Table 2.1).  
15N-tracer Addition.  The 15N-enriched label was taken up by all targeted benthic algal primary 
producers:  MPB, filamentous algae and associated epiphytes.  Enrichment above background 
was observed on day 3, the earliest sampling point after additions started (Table 2.2).  
    Mudflat Habitat.  δ15N isotope values in MPB increased over the 14-day addition with peak 
enrichment reaching a value of 1050‰ above natural abundance values (Table 2.2).  All three 
annelids investigated became enriched in δ15N beyond natural abundance levels (Table 2.2).  N. 
diversicolor was highly enriched, and reached a value of 890‰ on day 21 (seven days after 
isotope addition stopped); S. benedicti and P. litoralis were enriched in δ15N to 180‰ and 
360‰ respectively (Table 2.2).  Results from the enrichment model confirm the dietary 
importance of MPB to N. diversicolor and showed that MPB comprised > 84% of its diet (Table 
2.1).  The enrichment model refuted the dominance of MPB for S. benedicti and P. litoralis.  
Although the enrichment model indicated importance of both SPOM and S. alterniflora, the 
natural abundance model indicated Spartina spp. contributes little to the diet of either species 
(Table 2.1).    
    Creek-wall Habitat.  Filamentous algae became enriched in δ15N and reached values > 
1700‰ above natural abundance on day 14; epiphytic diatoms reached 660‰ above natural 
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Table 2.1.  Natural abundance stable isotope δ13C and δ15N values of primary producers and 
infauna from mudflat (MF), creek wall (CW), Spartina alterniflora (SA) and S. patens (SP) 
habitats.  Using natural abundance stable isotopes only, primary producer dietary contributions 
(%) were calculated for all four habitats (see methods).  For mudflat and creek wall, δE (highest 
observed enrichment – background natural abundance isotope values) over the 21d experiment 
and an average δ13C natural abundance value from the 21-d experiment were used to calculate 
percent dietary contributions.  The three sources used in mixing models varied depending on 
habitat.  For mudflat, S. alterniflora and S. patens habitats, local Spartina (reported under % 
Spartina spp.), SPOM and MPB are sources in the mixing model.  In creek-wall habitat, S. 
alterniflora, SPOM and epiphytes were used.  Abbreviations include suspended particulate 
organic matter (SPOM), microphytobenthos (MPB), filamentous algae (FA), polychaete (P), 
oligochaete (O), copepod (C), suspension feeder (SF), surface-deposit feeder (SDF), subsurface-
deposit feeder (SSDF).  Single values represent pooled samples; other values are means of 
pooled samples (number of replicates in parentheses and error terms are standard deviation).  
Values reported are measured values, not corrected for trophic fractionation.  The high natural 
abundance δ15N values for Pygospio elegans indicate possible predation; rather than infer 
multiple trophic level fractionation and lag enrichment, we chose not to calculate possible source 
contributions.   
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Natural Abundance   
Flora and Fauna Feeding Mode Habitat δ13C (n) δ15N (n) % Spartina spp. % SPOM 
% MPB/ 
Epiphytes 
S. alterniflora   -13.2 7.4 - - - 
S. patens    -13.8 4.9 - - - 
FA  CW -18.0 6.1 - - - 
Epiphytic algae  CW -18.3 5.3 - - - 
SPOM  Creek water  -23.7 ± 1.3 (2) 8.9 ± 3.4 (2) - - - 
MPB  MF -19.2 6.0 - - - 
N. diversicolor (P) SF, SDF, SSDF MF -19.8 8.7 1 6 93 
S. benedicti (P) SF, SDF MF -19.2 6.1 0 10 90 
P. litoralis (O)  SDF, SSDF MF -20.6 7.0 4 4 91 
N. diversicolor (P) SF, SDF, SSDF CW -20.1 7.9 1 44 55 
P. elegans (P) SF, SDF CW -17.2 11.9 - - - 
M. aestuarina (P) SF, SDF CW -21.4 ± 0.0 (2) 8.8 ± 1.3 (2) 1 69 30 
F. sabella (P) SF, SDF CW -20.8 6.8 17 72 11 
Heterolaophonte sp. (C) SDF CW -17.6 6.5 5 3 92 
P. litoralis (O) SDF, SSDF SA -18.5 ± 1.4 (2) 8.5 ± 0.8 (2) 13 11 76 
M. aestuarina (P) SF, SDF SA -21.7 ± 0.8 (2) 8.6 ± 0.5 (2) 2 68 30 
P. litoralis (O) SDF, SSDF SP -19.4 ± 2.1 (2) 8.6 ± 0.6 (2) 23 29 48 
M. aestuarina (P) SF, SDF SP -20.8 ± 0.0 (2) 9.8 ± 0.9 (2) 12 49 39 
15N Enriched  
Flora and Fauna 
 
Habitat 
  
Ave. (NA) δ13C Highest δE % Spartina spp. % SPOM 
% MPB/ 
Epiphytes 
MPB  MF -19.1 1050 - - - 
N. diversicolor (P)  MF -18.9 890 4 11 85 
S. benedicti (P)  MF -19.3 180 29 53 17 
P. litoralis (O)   MF -19.0 360 22 43 34 
FA  CW -17.3 1740 - - - 
Epiphytic algae  CW -18.1 660 - - - 
N. diversicolor (P)  CW -19.6 2 34 66 0 
P. elegans (P)  CW -17.2 130 N/A N/A N/A 
M. aestuarina (P)  CW -21.5 55 ± 7.0 (2)  12 80 8 
F. sabella (P)  CW -21.0 20 19 78 3 
Heterolaophonte sp. (C)  CW -17.4 500 16 8 76 
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Figure 2.2.  Top two figures are natural abundance stable isotope values (δ15N and δ13C; prior to 
isotope additions) for mudflat and creek wall.  Bottom two figures are 15N-enrichment (δE, 
highest) in primary producers and infauna during the 21-d experiment plotted against an average 
δ13C found over the 21-d experiment in mudflat and creek-wall habitats.  Isotope values are 
corrected for trophic enrichment (see methods).  Primary producers are squares; infauna are 
triangles.  The polygons connect the three sources used in the mixing model.  Abbreviations 
include suspended particulate organic matter (SPOM), microphytobenthos (MPB), filamentous 
algae (FA), epiphytes (Epi), N. diversicolor (N), S. benedicti (S), P. litoralis (P) in mudflat, P. 
elegans (P) in creek wall, M. aestuarina (M), F. sabella (F), Heterolaophonte spp. (H).  
Consumers with values outside the mixing triangles were assumed to fall on the nearest mixing 
line, a possibility consistent with isotope variation in the source (apex) plant isotope values.     
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Table 2.2.  15N-enrichment and natural abundance δ13C in primary producers and infauna in 
mudflat and creek-wall habitats over 21 days in the enrichment study.  Day 14 was the last day 
of 15N addition; day 21 was 1 week after cessation of 15N addition.  Enrichment above natural 
abundance δ15N is reported (in ‰), where δE is the enriched δ15N value for that time point – 
natural abundance δ15N from time 0. Manayunkia aestuarina value on Day 21 is the mean of 2 
replicate pooled samples, with standard deviation.   
  
Day 3 
δ13C      δE 
Day 7   
δ13C      δE 
Day 14 
δ13C      δE 
Day 21 
δ13C      δE 
MF habitat 
MPB -20.4 
 
90 -20.1 
 
120 -16.8
 
1050 
 
N/A 
N. diversicolor -19.5 40 -19.0 90 -19.5 490 -17.5 890 
S. benedicti -19.4 10 -19.4 30 -19.5 100 -18.9 180 
P. litoralis -21.4 3 -20.2 120 -16.9 360 -17.3 N/A 
CW habitat 
Filamentous algae -17.4 
 
280 -16.6 
 
1210 -16.9
 
1740 -18.4 
 
520 
Epiphytic diatoms -18.1 270 -18.0 660 N/A -18.3 510 
N. diversicolor -18.5 0 N/A -20.0 2 -19.6 0 
P. elegans -19.6 30 -17.7 40 -18.2 80 -18.5 130 
M. aestuarina -21.0 0 -22.1 5 -21.6 30 -21.4 55 ± 7 
F. sabella -20.7 1 -20.9 10 -21.3 20 -21.5 20 
Heterolaophonte sp. -16.9 5 -17.6 80 -17.6 290 -17.1 500 
 
abundance values on day 7 (Table 2. 2).  δ15N in filamentous algae decreased rapidly to 
approximately 500‰ above background seven days after label addition ceased.   
Uptake of the 15N-enriched label was minimal for most infauna analyzed (Table 2.2).  
Label enrichment in M. aestuarina was highest on day 21, but reached values of only ~ 55‰, 
while F. sabella reached its highest enrichment of 20‰ on day 14.  On day 21, P. elegans 
reached its maximum δ15N value of 130‰.  Unlike mudflat habitat, N. diversicolor was not 
enriched in δ15N above natural abundance values (Figure 2.2).  Highest enrichment was observed 
in Heterolaophonte sp. with values reaching 290‰ on day 14 and 500‰ above natural 
abundance on day 21 (7 days after addition stopped).  The enrichment model confirmed the 
importance of epiphytes as suggested by the natural abundance model as the primary basal 
resource utilized by Heterolaophonte sp. constituting ~ 75% of its diet (Table 2.1).  The 
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enrichment model refuted the importance of epiphytes for N. diversicolor indicated by the 
natural abundance model.  Uptake of enriched 15N by epiphytes and enriched filamentous algae 
and the subsequent lack of uptake by N. diversicolor in creek wall indicated that benthic algae 
contributed little if at all to the diet of N. diversicolor.  Instead, the enrichment model indicated 
that SPOM comprised 66 % of its diet.  Due to limited uptake of the enriched primary producer, 
the dietary importance of S. alterniflora increased for N. diversicolor with the enrichment model.    
The enrichment models indicated that SPOM contributed the most to the diets of M. aestuarina 
and F. sabella (Table 2.1).   
15N TEFs.  The addition of enriched 15N revealed N. diversicolor and Heterolaophonte spp., fed 
almost exclusively on MPB (in mudflat) and epiphytes (in creek wall) respectively.  Therefore, 
we calculated TEFs for both organisms by subtracting the natural abundance δ15N value of MPB 
and epiphytes from the natural abundance δ15N value of N. diversicolor and Heterolaophonte 
spp. respectively (see methods).  A TEF of 2.7‰ was found for N. diversicolor and 1.2‰ for 
Heterolaophonte spp.  These TEFs allowed us to more accurately determine dietary 
contributions using mixing models.  We averaged δ15N TEFs for N. diversicolor and 
Heterolaophonte spp. to obtain a 2‰ TEF for other consumers.  We recognize that an average 
TEF may not accurately depict TEFs in individual species but this average may more closely 
reflect actual TEFs and is similar to a 2.2‰ average TEF reported for invertebrates by 
McCutchan et al. (2003).  After correction for trophic fractionation, consumers with values 
outside the mixing triangles were assumed to fall on the nearest mixing line, a possibility 
consistent with isotope variation in the source (apex) plant isotope values (see Figure 2.2).   
Gut Content Results.  Gut contents were not quantified; only the presence of a basal resource 
was determined.  Gut content analysis revealed both pennate and centric diatoms were abundant 
37 
 
as well as unidentifiable material in the guts of S. benedicti (mudflat, n = 3) and N. diversicolor 
(mudflat, n = 3 and creek wall, n = 3).  Tissue digestion of P. litoralis (mudflat), M. aestuarina  
 (creek wall) and F. sabella (creek wall) (n = 3 for each species) also revealed frustules of 
pennate and centric diatoms.  
DISCUSSION 
While δ13C was primarily useful for indicating a low importance of Spartina spp. for all 
infauna, the addition of enriched 15N to the sediment surface and subsequent uptake by benthic 
algae widened the primary producer isotope triangle (Figure 2.2), thus improving resolution and 
our understanding of algal contributions to the benthic food web.  The enrichment experiment 
confirmed the importance of MPB for some infauna and refuted conclusions from natural 
abundance data that MPB or epiphytes were dominant dietary source for other infauna.  
Enrichment studies allow for better food web resolution than natural abundance stable isotopes 
alone particularly in systems where primary producer natural abundance stable isotope values are 
similar.  Consideration of food web details follows for species in the different habitats, and then 
conclusions about overall food web dynamics are given for infauna in the PIE saltmarsh system.  
Mudflat Habitat.  High label uptake found in N. diversicolor confirmed surface deposit feeding 
on labeled MPB by this polychaete in the mudflat habitat.  Both the natural abundance and 
enrichment mixing models indicated that MPB made up ~ 85% of its diet in this habitat.  Label 
uptake in S. benedicti and P. litoralis was relatively low compared to N. diversicolor suggesting 
a lesser dietary role for MPB at mudflat and the importance of an unlabeled food source.  The 
unlabeled food source most likely was phytoplankton because consumer natural abundance 
values were similar to SPOM.  Our enriched mixing models suggest that SPOM in the form of 
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phytoplankton could have comprised 53 and 43% of the diet of S. benedicti and P. litoralis 
respectively (Table 2.1).  In agreement with our findings, a similar isotope addition using  
enriched 13C in a Louisiana salt marsh found phytoplankton to contribute significantly to the diet 
of S. benedicti (Maddi et al. 2006).    
Oligochaetes including P. litoralis have traditionally been considered subsurface- deposit 
feeders that utilize detritus of an unknown age and origin by ingesting sediment in bulk as they 
move through sediments (Nilson et al. 2000).  However, recent studies classify P. litoralis as a 
surface-deposit feeder.   Kelaher & Levinton (2003) found abundances of P. litoralis increased 
with algal detritus enrichment and our results suggest consumption of both phytoplankton and 
MPB.  MPB and deposited phytoplankton may be accessed by surface feeding, by feeding on 
rapidly buried algae, or by consuming algae that enters the burrows of N. diversicolor and other 
infauna (Papaspyrou et al. 2006) or when surface deposits are drawn down to sediment depths 
through the activity of subsurface-deposit feeders (Josefson et al. 2002).   
Creek-wall Habitat.  δ15N in filamentous algae and epiphytic diatoms increased rapidly over the 
14 day addition in the creek-wall habitat.  We excluded the possible consumption of filamentous 
algae by infauna (see methods) and, therefore, label uptake in consumers indicates dietary 
contributions from epiphytic diatoms for 4 of the 5 macrofaunal and meiofaunal taxa 
investigated (Table 2.2) at creek wall.  Heterolaophonte sp. was most highly enriched in δ15N 
confirming the trophic importance of epiphytic diatoms.  Many studies suggest that grazing on 
diatoms is a common harpacticoid feeding strategy in shallow sediments (Carman et al. 1997,  
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Azovsky et al. 2005).  Both natural abundance and enrichment mixing models suggest that > 
75% of the diet potentially came from epiphytic algae.   
M. aestuarina and F. sabella are classified as selective surface- and suspension-feeding 
polychaetes and as a result have the ability to utilize a variety of primary producers (Fauchald & 
Jumars 1979).  Our enrichment models indicate that contributions from Spartina spp. and labeled 
benthic algae to the diets of M. aestuarina and F. sabella were relatively small and instead, 
suggest the greater importance of an unlabeled food source.  Gut content analyses revealed the 
consumption of phytoplankton by both M. aestuarina and F. sabella and the enrichment model 
indicates that SPOM in the form of phytoplankton was the principal food source for these 
polychaetes (Figure 2.2).  
Natural abundance isotope results for N. diversicolor were very similar in mudflat and 
creek wall (Table 2.1) and the natural abundance mixing model suggested that epiphytes or MPB 
comprised > 50% of the diet in both habitats.  However, unlike results for mudflat N. 
diversicolor, creek wall N. diversicolor did not become enriched above natural abundance δ15N 
values (Table 2.2).  These enrichment results allowed us to reject the importance of epiphytes in 
creek wall.  Instead, the enrichment model suggested phytoplankton dominated the diet.  N. 
diversicolor has been reported to have three different feeding modes:  selective surface deposit 
feeding, suspension feeding and predation (Harley 1950, Smith et al. 1996, Vedel 1998), and N. 
diversicolor likely fed by different mechanisms in the two habitats.  Various physical and 
chemical factors may govern feeding behavior in small infauna (Bock & Miller 2000, Carman & 
Fry 2002, Maddi 2003).  Vedel (1998) found that filter feeding in N. diversicolor is dependent on 
phytoplankton abundance and ceases at low concentrations.  Position within the tidal gradient 
may also influence feeding mode.  Suspended material from the sediment may lower the 
40 
 
concentration of phytoplankton available to suspension feeders (Esselink & Zwarts 1989), 
especially at lower tidal elevation where tidally induced flow rates may exceed critical erosion 
velocity.  In addition, suspension feeding may reduce the risk of predation to N. diversicolor by 
allowing worms to remain in burrows; worms must emerge to surface-deposit feed (Esselink & 
Zwarts 1989).  Suspension feeding can be a primary feeding mode for N. diversicolor (Esselink 
& Zwarts 1989).  N. diversicolor creates intricate burrows in the sediment to depths greater than 
15 cm (Davey 1994) where suspension feeding involves a mucous funnel that extends down into 
the burrow (Vedel 1998).  Through undulations, the worm creates a current of water that brings 
in suspended particles including phytoplankton that are trapped by the funnel and later ingested 
(Harley 1950).  
P. elegans in the creek-wall habitat had natural abundance δ13C values similar to 
filamentous algae and its epiphytic diatoms.  This observation in combination with its relatively 
high natural abundance δ15N values (Figure 2.2) suggests P. elegans is likely an omnivore.  
During the 15N-addition P. elegans reached a maximum δ15N value of 130‰ (Table 2.2) which 
could be a result of feeding on enriched prey.  Brey (1991) reported P. elegans was a predator.  
However, P. elegans may feed on both consumers and primary producers (Herman et al. 2000).  
P. elegans possesses feeding palps that may be used to suspension or selectively surface deposit 
feed.  Potential prey include sediment micrometazoans and/or zooplankton, but label uptake in P. 
elegans suggests that it fed on 15N-enriched prey perhaps meiofauna or small heterotrophic 
protists from the sediment rather than the water column.    
Marsh Platform Habitats.  Natural abundance mixing models indicate that benthic and pelagic 
algae contributed most to the diets of both M. aestuarina and P. litoralis in marsh platform 
habitats (Table 2.1).  Furthermore, the dietary importance of Spartina spp. only slightly 
41 
 
increased on the marsh proper relative to creek habitats for both consumers.  These findings were 
surprising for a number of reasons.  First, infaunal collections on the marsh proper were taken 
from underneath the Spartina spp. canopy and therefore are in relatively closer proximity to 
macrophytes (and their detritus) than creek infauna.  Second, shading by the Spartina spp. 
canopy is thought to limit algal biomass.  High performance liquid chromatography analysis of 
PIE sediment revealed that benthic algal biomass on the marsh proper was on average lower than 
in the creek wall (Deegan et al. 2007; Galván unpublished).  Finally, tidal amplitude restricts 
availability of phytoplankton to the marsh proper where S. alterniflora is flooded daily with high 
tide but S. patens is flooded only on spring tides, resulting in episodic but diminished exposure to 
phytoplankton.   
Overall Food Web Dynamics.  Small suspension and deposit-feeding infauna are found on 
shallow intertidal mudflats worldwide, with and without surrounding macrophytes.  Most 
published isotope studies show that these small infauna feed primarily on MPB and 
phytoplankton regardless of presumed feeding group or the proximity of Spartina spp. (Herman 
et al. 2000, Hughes et al. 2000, Carman & Fry 2002, van Oevelen et al. 2006); however, some 
studies have found evidence of macrophyte detrital consumption in the meiobenthos and some 
annelids (Carman & Fry 2002, Maddi 2003, Levin et al. 2006).  Overall, these studies suggest 
assimilation of Spartina spp. detritus seems limited, perhaps associated with scarcity of benthic 
and pelagic algae.  Still, minimal dietary contributions from Spartina spp. detritus to infauna 
were unexpected given the close proximity to abundant macrophyte detritus within the sediment 
matrix.  Furthermore, due to the limited volume of water in tidal creeks and the abundance of 
Spartina spp. detritus in the water column, phytoplankton in salt marshes is usually considered to 
have a reduced importance in food webs.  Overall, our observations suggest that infauna have 
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flexible dietary needs and feeding strategies that may change over space and time and vary 
among species making generalizations of the food web position of infauna tenuous.  
The refractory nature of macrophytes may be responsible for the lower uptake of detritus 
by infaunal consumers, although microbial colonization has been shown to enhance nutritional 
quality.  Microbial decomposition of macrophyte detritus has been well documented and studies 
have illustrated the dietary use of such bacteria by infauna by microbial stripping, although van 
Oevelen et al. (2006) found bacterial trophic contributions were minimal on intertidal mudflats 
of the Scheldt Estuary.  Nevertheless, isotope values of bacteria and subsequently infauna 
feeding on bacteria should reflect the original organic matter source (i.e. Spartina spp. detritus).  
One exception is chemosynthetic bacteria.  Chemosynthetic bacteria have highly depleted δ13C 
values that reflect fixed CO2 and do not reflect their original carbon and energy sources (Degens 
et al. 1968), but may be an important food source in salt marshes (Peterson et al. 1980).  
However, to explain the -18 to -22‰ δ13C values of PIE infauna, a large contribution of 1/3-1/2 of 
all carbon would have to derive from -30 to -40‰ chemosynthetic bacteria with the remainder 
from -13‰ Spartina detritus.  This would be a high contribution from chemosynthetic sources, 
especially because Boschker et al. (1999) found little evidence for an important role of 
chemosynthetic production in salt marshes of Cape Cod, marshes similar to those studied here.  
It is possible that macrophyte detritus in PIE may be used by bacteria that do not contribute to 
higher trophic levels (i.e., act as a sink).   Littoraria irrorata, the marsh periwinkle, is a principal 
macrophyte grazer in more southern marshes, but is not found in PIE; however, larger 
invertebrates found on the marsh proper such as amphipods (e.g., Orchestia grillus) and the 
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coffee bean snail Melampus bidentatus may feed on macrophytes.  Current research is examining 
this possibility in PIE (Galván et al. unpublished). 
Our results generally show that natural abundance mixing models underestimated the 
importance of phytoplankton but overestimated the importance of MPB or epiphytes to infauna 
(Table 2.1).  This highlights the difficulty of knowing diet with certainty when sources have a 
similar isotopic composition and shows that natural abundance data can lead to false conclusions 
about diet.  However, it is possible that our addition studies overestimated the contribution from 
phytoplankton because we assumed consumers had reached equilibrium (see methods) and our 
labeled food source (MPB) was not consumed by some species.  It is also possible that 
phytoplankton or algal detritus produced before the label addition contributed to the diet of some 
species.  Cheng et al. (1993) found that P. litoralis uses sedimentary food resources and that 
nutritional quality varies over time suggesting potential use of aged organic matter and Levin et 
al. (1999) found that surface and subsurface-deposit feeders are both able to consume recently 
settled phytodetritus.   The most unequivocal method for resolving diets would label each 
possible producer over longer time periods creating unique isotopic compositions for all primary 
producers and their associated detritus.  
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CHAPTER 3 
 
RESOURCE CONTRIBUTIONS TO THE SALTMARSH BENTHIC FOOD WEB; 
VARIATION ACROSS THE LANDSCAPE AND EFFECTS OF NUTRIENT 
ADDITIONS 
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INTRODUCTION 
 Salt marshes are highly productive ecosystems that contain a variety of primary 
producers including macrophyte plants (e.g., Spartina spp.), macroalgae and microalgae.  
Microalgae include phytoplankton and microphytobenthos (MPB), and are especially species 
rich.  MPB consists of filamentous algae, epipelic and epiphytic diatoms, and > 100 species of 
benthic diatoms alone have been observed in salt marshes (Sullivan and Currin 2000).  The types 
and relative amounts of each primary producer vary with tidal inundation, elevation, nutrients 
and light across the marsh landscape creating distinct habitats and communities.  For instance, 
the low intertidal marsh is characterized by unvegetated mudflats with abundant MPB 
communities that experience twice daily immersion (Sullivan and Currin 2000), while expansive, 
almost monospecific stands of macrophytes and relatively infrequent flooding typify the high 
intertidal.  Furthermore, consumers including fish, shrimp and less mobile organisms (e.g., 
infauna and epifauna) may differ in their use of these primary producers as a function of habitat 
location.  For example, tides restrict both the availability of phytoplankton as a food resource and 
the use of the high marsh by nekton.   
 Historically, macrophytes (primarily Spartina spp.) and their detritus have been thought 
to fuel the food webs of the vegetated high marsh and adjacent waterways.  However, 
macrophytes and their detritus are highly refractory compared to other saltmarsh primary 
producers.  Bacteria are thought to enhance the nutritional value of macrophyte detritus but 
bacterial abundances are too low to wholly support consumers (Tenore 1988).  Instead, more 
recent work, with the aid of stable isotopes, indicates that algae are an important food resource 
for consumers in the lower intertidal, aquatic marsh (Haines 1978, Currin et al. 1995, Galván et 
al. 2008).  However, few investigators have examined food webs across the landscape of 
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marshes (Choy et al. 2008, Galvan et al, 2008).  Such studies may better resolve the importance 
of different primary producers to saltmarsh consumers occupying various habitats in the 
saltmarsh landscape.    
 Anthropogenic nutrient inputs are becoming a pervasive problem in salt marshes and may 
alter food webs.  Increased nutrient concentrations can alter the saltmarsh primary producer 
community in a variety of ways.  Nutrient inputs may increase the biomass of primary producers 
and alter primary producer species composition.  Specifically, nutrients have been reported to 
alter basal resources by stimulating opportunistic primary producers such as cyanobacteria. 
Cyanobacteria are characteristic of eutrophic ecosystems and are relatively less nutritious than 
eukaryotic microalgae (Silliman and Zieman 2001).  Finally, excess nutrients can increase the 
nutritional value of macrophytes (Deegan et al. 2007, Drake et al. 2008).  Depending on the 
strength of trophic interactions between primary producers and their consumers, such 
anthropogenic nutrient effects may alter the trophic structure of salt marshes (i.e. bottom-up 
control).  For example, increased nitrogen content in saltmarsh macrophytes may result in 
increased grazing pressure by herbivores (Denno et al. 1986, Levine et al. 1998).  Additionally, 
changes in primary producer species richness may affect primary consumers that select for 
species-specific basal resources such that changes in primary producer species may cause 
changes in basal resource use by consumers (Wyckmans et al. 2007).  Thus, changes in the 
primary producer community as a result of nutrient enrichment may affect secondary production.  
Such changes with nutrient additions have been reported for some habitats (Cebrián 2004), 
including a detritus-based ecosystem (Cross et al. 2006). However, few studies have examined 
how nutrient inputs modify primary producer communities across the saltmarsh landscape 
(Deegan et al. 2007).  Furthermore, routes of nutrient transport to marshes include ground water, 
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runoff, river inputs and tidal inundation.  If nutrient delivery is a function of tidal flushing, then 
higher elevation habitats may be more nutrient limited than lower elevation habitats and may 
respond differentially to increased nutrient loading.  Conversely, exposure to local runoff may 
first be encountered by higher elevated habitats and thus, these habitats may not be as nutrient 
limited as their lower elevation counterparts.  
 Anthropogenic nutrient enrichment has increased in salt marshes, and many studies have 
addressed various aspects of the effects excess nutrients on salt marshes (e.g., Bertness et al. 
2003, Valiela et al. 2004).  However few studies have directly addressed the effects of nutrient 
enrichment on the diets of consumers.  Instead, most studies addressing nutrient enrichment 
focused on changes in community composition, abundances and individual biomass of 
consumers.  For example, Posey et al. (2002) found increases in individual biomass of surface 
feeding infauna with nutrient enrichment.  Sarda et al. (1996) found changes in community 
composition of infauna after 15 years of nutrient enrichment.  Specifically, species richness of 
polychaetes decreased while species richness of oligochaetes increased with nutrient enrichment.  
Of the few studies addressing the direct effects of nutrient enrichment on saltmarsh food webs, 
most examined changes in the amount of grazing on a specific primary producer or a group of 
primary producers (e.g., MPB or macrophytes; Levine et al. 1998, Posey et al. 2002, Posey et al. 
2006).  McFarlin et al. (2008) recently suggested that nutrient enrichment of salt marshes is 
likely to have stronger impacts on plants and herbivores than on decomposers and detritivores.  
Few studies have addressed changes in the relative importance of basal resources with nutrient  
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additions.  However, Keats et al. (2004) revealed the relative importance of basal resources was 
altered with nutrient enrichment such that a detritivore switched to herbivory.    
As abundant primary consumers, benthic fauna are ideal for examining the impacts of 
anthropogenic nutrient inputs on saltmarsh food webs.  Epifauna and infauna utilize a variety of 
primary producers and their detritus through various feeding strategies including shredding, 
suspension feeding and surface and subsurface deposit feeding (Fauchald & Jumars 1979).  
Benthic faunal assemblages (composition and density) also change over the marsh landscape as 
primary producers and abiotic factors change (Johnson et al., 2007).  The diet of these organisms 
may change over space and time depending on habitat, frequency of tidal inundation and primary 
producer abundance (Esselink & Zwarts 1989, Vedel 1998).  Based on availability of primary 
producers as well as the quantity and quality, some benthic fauna may adjust their feeding 
behavior.  Although diets of benthic invertebrates may change across the marsh landscape, few 
investigations have specifically addressed this question.  Furthermore, benthic fauna are 
important prey items for birds, fish and shrimp.  Thus, changes in lower trophic levels as a result 
of nutrient enrichment may propagate through the food web, potentially affecting top consumers.  
 To address the impacts of increased nitrogen loads on saltmarsh food webs, whole 
saltmarsh creeks in the Plum Island Estuary, Massachusetts were manipulated to better 
understand basal resource contributions across the saltmarsh landscape.  Most previous studies 
addressing anthropogenic nutrient effects in salt marshes utilized small-scale plots, extrapolating 
results to the whole ecosystem.  Because habitats of salt marshes are not discrete units, but 
instead interact through both biotic and abiotic factors that act at large scales (e.g., highly mobile 
consumers and tide), small-scale studies may not be ecologically realistic; therefore large-scale 
studies are needed.  My primary objectives were to examine the relative trophic contribution of 
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primary producers to a saltmarsh, benthic food web throughout the tidal gradient including creek 
and marsh platform habitats and to address the effects of nutrient additions.  My null hypotheses 
are:  1) primary producers contribute equally to saltmarsh, benthic consumers across the marsh 
landscape and 2) the addition of nutrients causes no change in a saltmarsh benthic food web.  My 
approach combines an examination of consumer gut contents and the analysis of natural 
abundance stable isotopes (δ13C and δ15N) as a food web tracer.   
MATERIALS AND METHODS 
Study Area.  Saltmarsh creeks off the Rowley River (42°44’N, 70°52’W) in the Plum Island 
Estuary (PIE), Massachusetts are relatively low nutrient systems (< 5 µM NO3- ; ~1 µM PO43-) 
and as such are ideal for detecting the effects of anthropogenic nutrient inputs (Posey et al. 
2006).  PIE has extensive marsh macrophytes consisting primarily of S. alterniflora and S. 
patens with relatively small patches of Juncus gerardii and Distichlis spicata. A tall form of S. 
alterniflora occupies creek banks while S. patens dominates the marsh platform with lesser 
amounts of a stunted form of S. alterniflora.  Within tidal creeks, almost vertical, 2-m high creek 
walls are covered with the macroalga, Enteromorpha spp. (in May) and filamentous algae (May 
and August) including Rhizoclonium spp. that consists of long filaments up to 500-µm in 
diameter.  At low tide within tidal creeks surrounding the marsh, gently-sloped mudflats are 
aerially exposed.  Moderate chlorophyll a concentrations are found in sediment cores from 
intertidal mudflats, adjacent creek walls and underneath the macrophyte canopy of the intertidal 
marsh platform (Deegan et al. 2007).  Nekton and other larger marsh consumers include but are 
not limited to the killifish, Fundulus heteroclitus, the grass shrimp, Palaemonetes pugio, the 
ribbed mussel, Geukensia demissa, the mud snail, Ilyanasa obsoleta, the amphipod, Orchestia 
grillus, the isopod, Philoscia vittata and the coffee bean snail, Melampus bidentatus.  Grass 
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shrimp and killifish are important consumers of benthic fauna that inhabit saltmarsh creeks and 
enter the marsh platform with the tide.  Infauna (i.e., various polychaetes and oligochaetes) can 
be found throughout the marsh landscape from intertidal creek mudflats to the adjacent marsh 
platform with very little variation between creek abundances (Johnson et al. 2007).  Throughout 
the sampling season (May – Aug) creek water salinities ranged from 8 to 28‰.  The estuary 
experiences semi-diurnal tides with an approximate 3 m tidal amplitude.   
This study is a part of a large, multidisciplinary experiment (Deegan et al. 2007) 
addressing anthropogenic effects and interactions in whole saltmarsh creeks within the PIE 
Massachusetts, USA (42˚44'N, 70˚52'W).  In 2004, two creeks (Sweeney and West) were utilized 
in the first field season of manipulations (Figure 3.1).  Approximately 600 m seaward of any 
sampling point in Sweeney Creek, hereafter referred to as nutrient enrichment creek (NEC), 
NO3- and PO4-3, with a target value of 70 µm/L and 4 µm/L respectively were added to the water 
column with every incoming tide.  West Creek served as a control, without fertilization, and will 
be referred to as nutrient reference creek (NRC).  Nutrient additions began mid-May of 2004 and 
ran approximately 150 days (October 2004).   Manipulations were continued in subsequent field 
seasons; I address effects after the first 10 weeks of additions here.  Finally, the δ15N of the 
nutrients added was ~0.0‰, an enrichment of ~2.0‰ above background values of dissolved 
nitrogen in tidal creeks in PIE.  After 10 weeks of continuous nutrient additions, algal δ15N 
decreased in NEC only.  This shift in algae δ15N values was used to further elucidate the food 
web.   
Collections.  Organisms were collected from both NEC and NRC in May at the start of nutrient 
additions and in August, 10 weeks after nutrient additions began.  Hereafter, May collections 
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will be referred to as time 0 samples.  Five habitats within each creek were examined:  mudflat, 
creek wall, tall Spartina alterniflora zone, S. patens zone and stunted S. alterniflora (Figure 3.1).  
 
Figure 3.1.  Location of creeks investigated within the Plum Island Estuary (PIE), Massachusetts.  
West Creek (WE) acted as the nutrient reference creek while nutrient additions were carried out 
in Sweeney Creek (SW; nutrient enrichment creek).  The upper left inlet shows the location of 
the PIE within Massachusetts.  The upper right inlet is a cross section of creeks and illustrates 
location of habitats along the tidal gradient.  Abbreviations include mudflat (MF), creek wall 
(CW), tall S. alterniflora (TSA), S. patens (SP) and stunted S. alterniflora (SSA).  Figure was 
taken from Fleeger et al. 2008.    
 
Various primary producers representing the range of potential basal food sources 
available to marsh consumers were collected at time-0 and after 10 weeks for isotope analysis.   
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 Leaves of tall and short form S. alterniflora, S. patens and filamentous algae from creek-wall 
habitat were collected by hand.  Macrophytes and filamentous algae were cleaned of epiphytes 
and foreign debris and rinsed with distilled water; pooled tissue was utilized for each sample.  
Macrophyte samples were not replicated because many previous studies have shown limited 
variation in space and time.  However, a minimum of two replicate filamentous algae samples 
from each collection were analyzed for stable isotope analysis.  When feasible, replicates were 
analyzed.  Using a dissecting microscope, epiphytes were collected from filamentous algae for 
isotope analysis; replicates were from pooled material.  For suspended particulate organic matter 
(SPOM) collections, 1-L Nalgene bottles were submerged in the water column at high tide 
within both creeks near the point where nutrients were added.  Two bottles were pooled for each 
replicate for isotope analysis.  SPOM samples were rinsed through a 63-µm sieve and fractions 
were examined microscopically.  The portion of sample < 63 µm visually contained the majority 
of phytoplankton with fewer zooplankton.  This portion was filtered on a pre-combusted, 0.7 µm 
glass fiber filters for isotope analysis and served as a proxy for phytoplankton (SPOM samples 
hereafter referred to as phytoplankton).  Epipelic or migrating diatoms served as a proxy for 
MPB and were collected from the mudflat habitat using 125-µm nitex mesh (15.2 cm2 in area); 
creek wall sediments are more compacted than mudflat and migrating MPB were low in 
abundance.  Nitex was placed directly on exposed mudflats, moistened with filtered seawater and 
air bubbles were removed by smoothing by hand.  Nitex was retrieved after 1 h.  In the 
laboratory, samples were repeatedly decanted to separate detrital and sediment particles from 
microalgae to achieve a more purified diatom sample.  Visual inspection of the resulting 
proportions with an inverted microscope indicated samples were primarily pennate diatoms 
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(mostly Navicula spp., Nitzchia spp. and Diploneis spp.).  Samples were filtered on pre-
combusted, 0.7 µm glass fiber filters for isotope analysis; replicates were analyzed (≥2).   
 The following consumers were hand collected from the marsh platform: the amphipod, O. 
grillus and the isopod, P. vittata from S. patens habitat and the coffee bean snail, M. bidentatus 
from short form S. alterniflora habitat.  Three to ten individuals of each species were pooled per 
sample period and creek for each collection.  At least two replicates of these pooled samples 
were analyzed for isotopes.  Whole organisms of O. grillus and P. vittata and foot muscle from 
M. bidentatus were ground for isotope analysis.  Foot muscle tissue from three to five G. demissa 
was pooled for each sample. All tissues were rinsed with distilled water and dried at 70˚ C for at 
least 24 h.  Tissue from larger organisms was ground to homogenize the sample and replicated at 
least two times.   
 For infauna, two large sediment cores (6.5 cm diameter) were taken at two locations, 
approximately 50 m apart, within the following habitats: mudflat, creek wall, tall S. alterniflora, 
S. patens and stunted S. alterniflora.  Cores were taken to 5 cm depths.  Cores (sieved through a 
500 µm screen) were later examined for macrofauna and algae.  Infauna within each habitat were 
pooled by species to obtain adequate sample mass for isotope analysis and to homogenize spatial 
variability; a minimum of two replicates were used for isotope analysis.  Benthic samples were 
also taken by scraping sediments by hand.  Samples were processed and examined for organisms 
as specified above.  Due to mass requirements for isotope analysis and small body size of some 
organisms, it was not possible to grind tissue from smaller infauna.  All samples, excluding 
macrophytes, were preserved in a 5% buffered formalin-Rose Bengal solution.  Studies have 
shown that fixation has little to no affect on δ13C and δ15N isotope values (Moens et al. 2002, 
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Sarakinos et al. 2002). Samples were rinsed with distilled water and dried at 70˚ C for 48 h.  
Ground tissue samples of G. demissa, O. grillus, P. vittata and M. bidentatus were acidified with  
1 M HCL acid prior to isotope analysis.  All other samples for isotope analysis were not acidified 
but were cleaned free of external sediment.   
Gut Contents.  Gut contents of benthic fauna were extracted to remove ingested material before 
isotope analysis.  Whole organisms were bisected and ingested material was excised with 
forceps.  To supplement dietary information obtained by stable isotope analysis, the gut contents 
of ten individuals from each of the following species and from a variety of habitats (August only) 
from both creeks were examined microscopically: N. diversicolor (mudflat habitat), Manayunkia 
aestuarina (creek-wall, tall S. alterniflora and S. patens habitats), Paranais litoralis (creek-wall 
habitat), C. immota (creek-wall, tall S. alterniflora and S. patens habitat) and O. grillus (S. patens 
habitat).  Individual guts were fixed to slides using Nafrax, a high resolution diatom mountant, 
and viewed with oil immersion with 100x objective.  Based on visual estimates of individual 
whole gut-content analyses, the percent composition (in %) of filamentous algae (including 
cyanobacteria), centric diatoms, pennate diatoms, debris (including macrophyte detritus) and 
sand to the entire gut contents was made for each examined specimen.  An aggregate measure of 
3 visual estimates of whole gut contents was used for each individual.  The percent composition 
of each food item in guts was ranked 1 through 5 where 1 equaled a food item with a percent 
composition of 0 to 20%, 2 equaled 21 to 40%, 3 equaled 41 to 60%, 4 equaled 61 to 80% and 5 
equaled 81 to 100%.      
 Multivariate community analyses were used to determine variation in the composition of 
ingested food using ranks of the percent composition of food items in the gut contents of benthic 
fauna.  Specifically, Analysis of Similarity was conducted on ranks using ANOSIM in PRIMER  
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6 in which variation in the similarity of each individual infauna gut content was compared based 
on the rank of each food items quantified.   
Mass Spectrometry.  Isotope samples were analyzed at the University of California, Davis 
Isotope Facility using a continuous flow isotope ratio mass spectrometer, Colorado Plateau 
Stable Isotope Laboratory at Northern Arizona University and the Louisiana State University 
using an elemental analyzer-stable isotope ratio mass spectrometer system (EA-MS system) 
following the protocol of Carman & Fry (2002).  Samples were reported relative to the standards, 
atmospheric N2 and Vienna Pee Dee Belemnite (VPDB) carbon.  Stable isotope values are 
reported in δ notation: 
δ13C or δ15N = [(Rsample/Rstandard) – 1] × 103 
where R is respectively 13C/12C or 15N/14N.   
Creek Comparisons after Nutrient Additions.  Consumer resources and subsequent isotope 
values may have naturally changed over the 10-week time scale of the experiment.  However, 
pre-fertilizer isotope values as well as infauna abundances, diversity and community 
assemblages (Johnson et al 2007) were similar between creeks.  Furthermore, saltmarsh 
characteristics such as nutrient concentrations at the start of fertilization, salinity and macrophyte 
and phytoplankton abundances were similar between creeks (Deegan et al. 2007).  Therefore, I 
examined isotope values for changes over time but focused my comparisons of isotope values 
from NEC and NRC after ~10 weeks of nutrient additions.   
 In this study, consumer isotope values may have differed between NEC and NRC after 
fertilization for two reasons.  First, the relative contribution of primary producers in the diet of 
benthic consumers may have changed because of the effects of nutrient additions.  Second, 
because time-0 algal δ15N values were altered by nutrient additions.  Therefore, consumers could 
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have fed on the same type of algae in both creeks and not have had an altered diet but have 
different δ15N isotope values.  Isotope composition of Spartina spp., another possible food item 
for benthic animals, did not change over the 10 weeks.  Therefore, the change in algal δ15N 
values may have led to greater differences between primary producers and better resolving 
power of diets acting in a fashion similar to true isotope tracer additions (Galván et al. 2008, 
Hughes et al. 2000, Middleburg 2000).  To differentiate between these two sources of isotope 
variation, I compared ∆δ15N and the ∆δ13C of consumers between creeks using the following 
equation:  ∆δ13C or ∆δ15N = δSNEC-δSNRC, where δSNEC was the isotope value of one consumer 
species from the nutrient enrichment creek and δSNRC was the isotope value of the same 
consumer species from nutrient reference creek.   Because δ13C values of basal resources 
differed little between NRC and NEC, I assumed that ∆δ13C >2.0‰ were a result of substantial 
changes in primary producer dietary contributions associated with nutrient additions.  Similarly, 
∆δ15N >2‰ were considered substantial changes between creeks but may indicate a change in 
diet, or alternatively may indicate consumption of algae with an altered δ15N isotope value in 
NEC.  I assumed that when ∆δ13C and ∆δ15N were both >2‰ in consumer isotope values, 
changes in primary producer dietary contributions in which the primary producer consumed in 
NEC was algae but with an altered δ15N isotope value occurred (i.e. a change in diet but to algae 
that have an altered isotope composition). 
Mixing Models and Trophic Enrichment Factors (TEFs).   Two types of mixing models were 
used with δ13C and δ15N isotope values to assess basal resource dietary contributions at both time 
0 and after 10 weeks of fertilization.  Multiple primary producers including marsh macrophytes, 
phytoplankton, filamentous algae and associated epiphytes and MPB have the potential to 
contribute to the saltmarsh benthic food web.  However, linear mixing models do not determine 
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unique dietary contributions when the number of potential food resources exceeds n + 1, where n 
is the number of isotopes used (two in this study).  Thus, to first determine the potential dietary 
contributions from all potential food resources, I used IsoSource, a mixing model that uses all 
possible resource combinations to determine a range of possible source contributions (Phillip and 
Gregg 2003).  While IsoSource may not reveal unique dietary contributions as found with linear 
mixing models, results can be informative.  For example, low maximum dietary contributions 
indicate basal resources that are not important to consumer diets.   
 Resources included in IsoSource were tall S. alterniflora, pooled isotope values of S. 
patens and the stunted form of S. alterniflora, phytoplankton (see below), filamentous algae from 
creek wall, epiphytes collected from creek-wall filamentous algae and epipelic diatoms from 
mudflats.  However, not all of these resources were readily available to consumers in their 
respective habitats.  For example, infauna are not able to directly consume filamentous algae.  
Therefore, a second mixing model, IsoError, was used to determine dietary contributions from 
the three main resources available to these consumers in their respective local habitats:  Spartina 
spp., phytoplankton and MPB (epipelic or epiphytic diatoms).  
 At time 0, δ13C isotope values for phytoplankton values were higher than the ribbed 
mussel, G. demissa, and the suspension-feeding polychaete, M. aestuarina.  However, both 
consumers are known phytoplankton feeders (Galván et al. 2008, Kemp et al. 1990, Haines and 
Montague 1979, Teal 1962).  In a previous study conducted in a saltmarsh creek within the same 
watershed, δ13C and δ15 N stable isotopes values and gut content analysis revealed phytoplankton 
was the most important food resource for M. aestuarina (Galván et al. 2008).  Similarly, stable 
isotope values and gut contents from this study revealed the natural diet of M. aestuarina was 
almost exclusively phytoplankton.  Because phytoplankton samples from time 0 were not pure 
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phytoplankton and δ13C values were higher than the two known phytoplankton feeders, G. 
demissa and M. aestuarina, I averaged δ13C and δ15N isotope values of G. demissa and M. 
aestuarina as a proxy for phytoplankton in time-0 mixing models.  However, phytoplankton δ13C 
values were relatively lower after 10 weeks in this study and were thus used in the 10-week 
mixing models.   
  The three-source mixing model was not used in all habitats.  Because I was unable to 
physically separate algae from sediments collected under the S. paten and stunted S. alterniflora 
canopy for isotope analysis, only consumers collected from the creek habitats, mudflat and creek 
wall, and from under the tall S. alterniflora canopy were analyzed with the three-source model.  
Resources in the three-source model did not exceed n + 1, and thus the three-source mixing 
model may reveal unique dietary contributions.  Of the two models used, only IsoError uses 
primary producer and consumer error (standard deviation) and the number of replicates to 
determine percent contributions to the diet.   The mixing models are available at:  
http://www.epa.gov/wed/pages/models.htm.  
Because resources were spatially distinct among habitats, primary producers used in the 
three-source mixing model were varied depending on habitat.  The three-source mixing model 
included either 1) phytoplankton, tall S. alterniflora and local epipelic diatoms for consumers 
collected in the mudflat habitat or 2) phytoplankton, tall S. alterniflora and epiphytes for 
consumers collected in creek-wall and tall S. alterniflora habitats.  I was unable to separate 
epiphytes from filamentous algae from tall S. alterniflora habitat.  Consequently, epiphytes from 
creek-wall habitat served as a proxy for epiphytes in the tall S. alterniflora habitat in the three-
source mixing model.  The creek-wall and tall S. alterniflora habitats are adjacent habitats that 
both contain filamentous algae and epiphytic diatoms and thus may have similar epiphytic 
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communities.  Epipelic diatoms were not abundant in creek-wall and tall S. alterniflora habitat 
and were therefore excluded from creek wall mixing models.  Additionally, filamentous algae 
were excluded from creek wall mixing models based on large algal size (up to 500-µm diameter) 
relative to the morphology of infauna and because gut content analysis of infauna did not suggest 
ingestion (however such algae may be consumed by nekton).  In the creek-wall habitat, infauna 
may feed on living or detrital filamentous algal particles.  However, PIE lacks a number of 
intermediate algal and detrital shredders (i.e. crabs) found in more southern salt marshes that 
could provide detrital material for consumers.  Carcinus maenas, the green crab, mud crabs in 
the family Xanthidae and Talitridae amphipods are found in PIE; however, the nature of the 
vertical wall generally restricts these consumers to mudflats and subtidal areas with the 
exception of talitrids.  Talitrid amphipods (i.e. O. grillus) were abundant epifauna found in S. 
patens habitat.   
Generally, consumer natural abundance stable isotope values differ predictably from their 
food source values.  This difference, fractionation or trophic enrichment factor (TEF = δconsumer – 
δfood source), is used in natural abundance stable isotope models to determine diet.  For δ13C, a TEF 
of 0.5‰ was used for benthic fauna in mixing models (Fry 2006).  For δ15N, many studies use 
an average TEF of 3.4‰ (Minagawa & Wada 1984); however, Vanderklift & Ponsard (2003) 
and McCutchan et al. (2003) reported relatively smaller (< 3.4‰) 15N TEFs for marine 
organisms, detritivores and invertebrates.  In addition, previous work from PIE indicates that 
infauna have an average TEF of ~2.0 ‰ (Galván et al. 2008).  Thus, a δ15N TEF of 2.0 ‰ was 
first used for all consumers.  TEFs were used in mixing models and isotope bi-plots to more 
accurately determine basal resource contributions.  However, with the correction, some 
consumers did not fit within the primary producer mixing polygon, making it impossible to 
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determine primary producer contributions.  As a result, I adjusted TEFs to fit consumer isotope 
values within the primary producer mixing polygon.  δ15N TEF corrections used in this study 
ranged from 0.5 to 3‰ and primary producer values were adjusted within standard deviations.  
Thus, two types of mixing polygons were applied for mixing models.  The first mixing polygon 
was formed from primary producer mean values.  The second mixing polygon was formed from 
standard deviations of primary producers to expand the area of the mixing polygon and to 
include those consumers that fall out of the first mixing polygon but stay within the bounds of 
standard deviations.  I show both types of mixing polygons in stable isotope bi-plots to illustrate 
where consumer isotope values fall relative to primary producers isotope values in isotope space 
(Figures 3.2-3.4).      
RESULTS 
Time 0, Baseline Collections.  NRC and NEC samples were collected at the start of fertilizer 
additions (mid-May) and were used as an indication of pre-fertilizer conditions (time 0).  S. 
alterniflora and S. patens from creeks had relatively enriched δ13C values (-13.8 to -13.1‰) 
compared to benthic (-21.2 to -18.5‰) and pelagic algae (-22.8 to -20.3‰).  δ15N values were 
similar for epipelic diatoms, filamentous algae, epiphytes and tall form S. alterniflora, ranging 
between 5.5 and 6.5‰ and were very similar between creeks (Tables 3.1 and 3.2; Figure 3.2).  
Regardless of creek, S. patens and stunted S. alterniflora had relatively low δ15N values at 3.0 ± 
0.4‰ and 2.3 ± 0.9‰ respectively.  In contrast, phytoplankton had relatively high δ15N values 
with an overall average (both creeks) of 9.2 ± 2.1‰.  δ13C and δ15N isotope values for benthic 
fauna from across the habitats ranged from -22.7 to -15.0‰ and 6.7 to 9.3‰, respectively.  
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Table 3.1.  δ13C and δ15N isotope values of primary producers and consumers from the nutrient 
reference creek (NRC) at time 0.  Values presented are means ± standard deviations of pooled 
samples (number of replicates in parentheses).  Additional abbreviations include suspended 
particulate organic matter (SPOM), mudflat (MF), creek wall (CW), tall S. alterniflora (TSA), S. 
patens (SP) and stunted S. alterniflora (SSA).     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
NRC 
Organism 
 
Habitat
 
δ13C (n) 
 
δ15N (n) 
S. alterniflora TSA -13.8 6.7 
S. patens SP -13.2 2.7 
Short 
S. alterniflora SSA -13.1 1.6 
SPOM  -21.3±1.4 (2) 9.8±1.8 (2) 
Filamentous algae CW -19.1±1.4 (2) 5.5±1.8 (2) 
Epiphytes CW -20.4±1.5 (2) 5.8±0.3 (2) 
Epipelic MF -20.1±1.6 (2) 6.9±0.9 (2) 
N. diversicolor MF -21.0±0.5 (2) 7.8±0.4 (2) 
S. benedicti MF -19.7±0.5 (2) 9.3±0.3 (2) 
I. obsoleta MF -18.1±0.3 (4) 8.1±0.2 (4) 
G. demissa CW -22.3±1.0 (2) 8.2±0.9 (2) 
M. aestuarina CW -21.0±0.2 (2) 9.3±0.9 (2) 
C. immota CW -18.3±1.0 (2) 8.4±0.2 (2) 
M. aestuarina TSA -21.9±0.5 (4) 7.7±1.0 (4) 
C. immota TSA -18.1±0.9 (4) 8.6±0.3 (4) 
M. aestuarina SP -20.8±0.0 (2) 9.7±0.9 (2) 
C. immota SP -16.8±1.1 (3) 7.0±1.0 (3) 
O. grillus SP -17.0±0.2 (2) 6.7±0.1 (2) 
P. vittata SP -18.0±0.1 (2) 7.4±0.6 (2) 
M. bidentata SSA -15.4±0.6 (2) 6.7±0.9 (2) 
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Table 3.2.  δ13C and δ15N isotope values of primary producers and consumers from nutrient 
enrichment creek (NEC) at time 0.  Values presented are means ± standard deviations of pooled 
samples (number of replicates in parentheses).  Additional abbreviations include suspended 
particulate organic matter (SPOM), mudflat (MF), creek wall (CW), S. alterniflora (TSA), S. 
patens (SP) and stunted S. alterniflora (SSA).     
 
NEC 
Organism 
 
Habitat
 
δ13C (n) 
 
δ15N (n) 
S. alterniflora TSA -13.7 6.4 
S. patens SP -13.2 3.2 
short  
      S. alterniflora SSA -13.2 2.9 
SPOM  -21.6±1.7 (2) 8.9±2.9 (2) 
Filamentous algae CW -18.7±0.4 (3) 6.2±0.7 (2) 
Epiphytes CW -18.9±0.0 (2) 6.2±0.4 (2) 
Epipelic MF -18.7±0.3 (2) 6.6±0.1 (2) 
N. diversicolor MF -19.6±0.9 (2) 7.2±1.0 (2) 
S. benedicti MF -20.0±0.3 (2) 8.9±0.4 (2) 
I. obsoleta MF -17.8±0.6 (4) 8.8±0.4 (4) 
G. demissa CW -22.7±0.6 (2) 7.4±0.2 (2) 
M. aestuarina CW -20.8±0.4 (2) 8.3±0.3 (2) 
C. immota CW -16.7±0.2 (2) 8.7±0.9 (2) 
M. aestuarina TSA -19.7±1.6 (2) 8.4±0.8 (2) 
C. immota TSA -17.1±0.1 (2) 8.6±0.8 (2) 
M. aestuarina SP -20.1±1.0 (2) 7.5±0.4 (2) 
C. immota SP -15.0±0.0 (2) 7.0±1.4 (2) 
O. grillus SP -18.1±0.8 (2) 7.0±0.3 (2) 
P. vittata SP -18.0±0.3 (2) 6.7±0.1 (2) 
M. bidentata SSA -17.2±0.9 (2) 7.1±0.1 (2) 
  
Overall, consumer isotope values were similar between creeks (Figure 3.2).  However, 
isotope values differed among habitats within creeks for some consumers (Tables 3.1 and 3.2; 
Figure 3.2).  Specifically, the high, intertidal marsh consumers, C. immota and M. bidentatus, 
had relatively higher δ13C values than creek consumers and more closely resembled Spartina 
spp. isotope values (Figure 3.2).  For example, the epifaunal species, M. bidentatus, had the 
highest mean δ13C values ranging from -17.2 to -15.4‰.  Of the infauna, C. immota had the 
highest δ13C values indicating a relatively greater reliance on Spartina spp. and δ13C isotope 
values for C. immota increased in S. patens relative to stunted S. alterniflora.  M. aestuarina 
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δ13C values were similar across habitats, lower than most consumers and (along with G. demissa) 
were most similar to phytoplankton suggesting consumption of phytoplankton in all habitats 
investigated.   
IsoSource.  IsoSource was used to determine the range of dietary contributions from all potential 
food resources in the salt marsh and was used for all consumers regardless of habitat.  In many 
cases, IsoSource yielded large ranges with high maximum dietary contributions (Table 3.3).  
These results were considered uninformative as actual primary producer dietary contributions 
may be substantially less than maximum contributions.  For some consumers, IsoSource revealed 
basal resources that contributed less than 25% and were thus considered unimportant to the diet 
while others contributed a minimum of 25% to the diet and were considered important dietary 
resources.  For primary producers with minimum dietary contributions ≤ 25% but maximum 
dietary contributions < 25%, contributions to the food web were considered unresolved.  The 
relative importance of basal resource use was based on the number of available primary 
producers (i.e., 6).  If all primary producers contributed equally to a consumers diet, 
contributions would equal ~17%.  Thus, the minimum contribution of 25% used to determine the 
importance of a food resource was a conservative estimate.     
 Based on IsoSource, Spartina spp. was not important to the diet of many consumers.  
Specifically, S. alterniflora was not an important dietary resource for N. diversicolor (mudflat 
habitat), G. demissa (creek-wall habitat) and M. aestuarina (creek-wall, tall S. alterniflora and S. 
patens habitats) regardless of creek.  In NEC only, S. alterniflora was not important to the diets 
of S. benedicti, O. grillus, P. vittata or M. bidentatus.  Highest minimum dietary contributions 
from S. alterniflora were found for C. immota in TSA at 40% (NRC).  For C. immota in both     
creeks, S. alterniflora had the potential to contribute up to 43% in creek-wall, 47% in tall 
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Figure 3.2.  δ15N and δ13C isotope values for primary producers and benthic fauna from a) 
nutrient reference creek and, b) nutrient enrichment creek from time 0.  Values for consumers are 
isotope means corrected for trophic enrichment fractionation (TEF). TEFs were -3.0 to 0.5‰ and 
-0.5 to 0.0‰ for δ15N and δ13C respectively.  Mean values of the outer most primary producers 
are connected by a solid black line creating a primary producer mixing polygon.  The dotted line 
is an extended primary producer mixing polygon using primary producer standard deviations.  
All primary producers are small black circles.  For NEC (b), primary producers with intermediate 
isotope values including filamentous algae, epiphytic and epipelic diatoms are not connected to 
the primary producer polygons but are circled.  Abbreviations include mudflat (MF), creek wall 
(CW), tall S. alterniflora (TSA), S. patens (SP), stunted S. alterniflora (SSA), phytoplankton 
(PP), filamentous algae (FA), epiphytes (PY) and epipelic (PE).  (Figure continued) 
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Figure 3.3.  δ15N and δ13C isotope values for primary producers and benthic fauna from a) 
nutrient reference creek at time 0 and b) nutrient reference creek after 10 weeks.  Values for 
consumers are isotope means corrected for trophic enrichment fractionation (TEF). TEFs were -
3.0 to 0.5‰ and -0.5 to 0.0‰ for δ15N and δ13C respectively.  Mean values of the outer most 
primary producers are connected by a solid black line creating a primary producer mixing 
polygon.  The dotted line is an extended primary producer mixing polygon using primary 
producer standard deviations.  All primary producers are small black circles.  For NEC (b) at 10 
weeks, epipelic diatoms had a mean intermediate isotope value and was thereforer not connected 
to both of the primary producer polygons but instead was circled.  Abbreviations include mudflat 
(MF), creek wall (CW), tall S. alterniflora (TSA), S. patens (SP), stunted S. alterniflora (SSA), 
phytoplankton (PP), filamentous algae (FA), epiphytes (PY) and epipelic (PE).  (Figure 
continued) 
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Figure 3.4.  δ15N and δ13C isotope values for primary producers and benthic fauna from a) 
nutrient reference creek and, b) nutrient enrichment creek after 10 weeks.  Values for consumers 
are isotope means corrected for trophic enrichment fractionation (TEF). TEFs were -3.0 to 0.5‰ 
and -0.5 to 0.0‰ for δ15N and δ13C respectively.  Mean values of the outer most primary 
producers are connected by a solid black line creating a primary producer mixing polygon.  The 
dotted line is an extended primary producer mixing polygon using primary producer standard 
deviations.  All primary producers are small black circles.  For NEC (b) at 10 weeks, epipelic 
diatoms had a mean intermediate isotope value and was therefore not connected to both of the 
primary producer polygons but instead was circled.  For NEC, epiphytes are hidden under C. 
immota (CW).  Abbreviations include mudflat (MF), creek wall (CW), tall S. alterniflora (TSA), 
S. patens (SP), stunted S. alterniflora (SSA), phytoplankton (PP), filamentous algae (FA), and 
epipelic (PE).  (Figure continued) 
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S. alterniflora and 45% in S. patens habitats to the diet; however, actual dietary contributions 
could be much less.  S. patens was not important to the diet of most consumers including M. 
aestuarina collected from under the S. patens canopy in both creeks (Table 3.3).  Instead, 
phytoplankton contributed up to 72% of the diet of M. aestuarina under the S. patens canopy in 
NEC.   
 Of the marsh platform consumers, phytoplankton was not important to the diet of M. 
bidentatus in NRC and C. immota in NEC.  Phytoplankton contributed the most to the diet of S. 
benedicti and M. aestuarina regardless of creek with an overall minimum dietary contribution > 
55%.  Unique resource contributions were found for M. aestuarina in S. patens habitat of NEC 
and G. demissa in both creeks where phytoplankton comprised 72% of the diet of M. aestuarina 
in S. patens habitat of NEC and 100% of the diet of G. demissa in both creeks.  In general, 
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Table 3.3.  Resource contributions calculated with IsoSource for consumers collected from 
nutrient reference creek (NRC) and nutrient enrichment creek (NEC) at time 0.  Primary 
producers included in the mixing model were tall S. alterniflora, S. patens, phytoplankton (mean 
of G. demissa and M. aestuarina isotope values served as a proxy - see methods), filamentous 
algae, epipelic diatoms in mudflat and epiphytic diatoms in creek wall.  Values reported are 
ranges of potential dietary contributions.  Additional abbreviations include mudflat (MF), creek 
wall (CW), tall S. alterniflora (TSA), S. patens (SP), stunted S. alterniflora (SSA), 
phytoplankton (PP) and filamentous algae (FA).  
 
Organism 
 
Habitat TSA SP/SSA PP FA Epiphyte Epipelic
NRC        
N. diversicolor MF 0-6 0-8 0-31 0-30 2-78 0-90 
S. benedicti  MF 24-30 0-1 62-72 0-2 0-3 0-14 
I. obsoleta MF 25-43 0-22 13-51 0-22 0-34 0-45 
G. demissa  CW 0 0 100 0 0 0 
M. aestuarina  CW 0-15 0-4 50-86 0-11 0-12 0-50 
C. immota  CW 5-34 0-20 0-58 0-49 0-55 0-82 
M. aestuarina TSA 0-2 0-2 92-100 0-5 0-8 0-7 
C. immota  TSA 40-47 0-8 36-49 0-8 0-14 0-18 
M. aestuarina SP 3-16 0-16 49-77 0-17 0-25 0-35 
C. immota SP 17-45 0-42 0-37 0-47 0-45 0-44 
O. grillus SP 3-38 0-54 0-49 0-42 0-55 0-48 
P. vittata SP 6-38 0-41 0-50 0-43 0-57 0-61 
M. bidentata SSA 33-55 3-41 0-24 0-41 0-27 0-27 
NEC        
N. diversicolor MF 0-10 0-20 0-24 30-67 0-65 0-56 
S. benedicti  MF 0-2 21-24 66-72 0-13 0-9 0-4 
I. obsoleta  MF 6-43 0-7 0-46 0-22 0-31 0-87 
G. demissa  CW 0 0 100 0 0 0 
M. aestuarina  CW 0-12 0-17 57-80 0-23 0-31 0-28 
C. immota  CW 24-52 0-9 0-68 0-34 0-30 0-38 
M. aestuarina  TSA 0-6 11-23 47-67 0-42 0-32 0-15 
C. immota  TSA 16-49 0-9 0-41 0-27 0-35 0-77 
M. aestuarina SP 0 24 72 2-4 0-2 0 
C. immota SP 36-52 15-27 0-20 0-38 0-34 0-37 
O. grillus SP 0-11 5-34 4-52 0-91 0-62 0-27 
P. vittata SP 0-4 34-42 38-52 0-28 0-20 0-10 
M. bidentata SSA 0-20 12-35 0-42 0-76 0-79 0-42 
 
minimum contributions from phytoplankton to the diet of saltmarsh consumers were high with 
relatively small ranges.  For example, ranges of phytoplankton contributions to the diet of M. 
aestuarina were between 57-81% in creek-wall habitat of both creeks, 92-100% in tall S. 
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alterniflora habitat from NRC and 47-67% from tall S. alterniflora habitat in NRC and 49-77% 
in S. patens habitat in both creeks.  Maximum contributions from filamentous algae were 
relatively low for most creek consumers; however, maximum filamentous algal contributions 
increased for marsh platform consumers excluding C. immota in S. patens habitat in NEC and M. 
bidentatus in NRC.  Specifically, the range of filamentous algal contributions to marsh platform 
consumers was 0-91% compared to 0-67% for creek consumers.  A similar pattern was found for 
dietary contributions from epiphytic diatoms (Table 3.3).  Overall, ranges of dietary 
contributions from epipelic diatoms were high.  However, epipelic diatoms were not important 
for S. benedicti in either creek.  Epipelic diatom contributions were 0% for G. demissa in both 
creeks and M. aestuarina in S. patens habitat in NEC.    
Three-source Model.  The three-source model was used in all habitats except S. patens and 
stunted S. alterniflora habitats to determine the relative dietary contributions of S. alterniflora, 
phytoplankton and epiphytic and epipelic diatoms.  In many cases, the three-source mixing 
model yielded large overlapping standard deviations and relative primary producer contributions 
to the diet were unresolved (Table 3.4).  Because relatively fewer primary producers were used 
in the three-source mixing model, elevated criteria were utilized to determine dietary importance 
of primary producers.  Thus, maximum basal resource contributions ≤ 25% were considered 
unimportant to the diet while only primary producer contributions ≥ 40% were considered 
important for this study.  Interpretations of mixing model results are based on minimum resource 
contributions as determined by means and standard deviations.  Non-overlapping standard 
deviations were used to suggest significant differences.  The relative importance of basal 
resource use was based on the number of available primary producers (i.e., 3).  If all primary 
producers contributed equally to a consumer’s diet, contributions would equal ~33%.  Similar to 
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IsoSource, the minimum contribution of 40% used to determine the importance of a food 
resource was a conservative estimate.         
 Very few basal resource contributions were resolved using the three-source mixing model 
in time-0 collections (Table 3.4).  However, similar to results from IsoSource, the three-source 
mixing model indicated S. alterniflora was not important for some infauna.  Specifically, S. 
alterniflora was not important for M. aestuarina in creek-wall or tall S. alterniflora habitats in 
NRC or NEC.  Although it was not possible to determine relative importance of algal resources 
for M. aestuarina due to large, overlapping standard deviations, minimum phytoplankton 
contributions to the diet were > 30% in creek-wall habitat in NRC and were > 40% in creek-wall 
habitat in NEC.  S. alterniflora was also not important for G. demissa in NEC; greater than 80% 
of its diet was phytoplankton.  Furthermore, maximum S. alterniflora dietary contributions were 
lower for C. immota collected from under the tall S. alterniflora canopy compared to C. immota 
collected from creek-wall habitat (Table 3.4).  Resource contributions for all other organisms 
were not resolved due to large, overlapping standard deviations.   
After 10 weeks of Fertilization.  A ten-fold increase in nitrate and phosphate above background 
values was maintained in the nutrient enrichment creek throughout the growing season (Deegan 
et al. 2007).  The annual mean NO3 and PO4 levels were 70 µmol/L and 5.1 µmol/L respectively.  
Nutrient loadings were increased on average by 10 fold but differed in different habitats (Deegan 
et al. 2007).  NO3 concentrations were consistently lower on ebbing tides indicating nutrients 
were sequestered by the marsh.  After ~10 weeks of nutrient additions, there was no change in 
benthic algal biomass (as measured by chlorophyll (Chl a) in NEC (Deegan et al. 2007).  In 
addition, there was no temporal change in benthic algal biomass in the reference creek in any
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Table 3.4.  Resource contributions calculated with the three-source IsoError mixing model from nutrient reference creek and nutrient 
enrichment creek at time 0 and 10 weeks.  The three basal resources used in the mixing model were tall S. alterniflora (TSA), 
phytoplankton (mean of G. demissa and M. aestuarina isotope values served as a proxy - see methods), and local microalgae (MPB; 
epipelic diatoms in mudflat and epiphytic diatoms in creek wall).  Values reported are means ± standard deviations.  Additional 
abbreviations include mudflat (MF), creek wall (CW), tall S. alterniflora (TSA), S. patens (SP), stunted S. alterniflora (SSA) and 
phytoplankton (PP).  
 
  Time 0 10 weeks of nutrient additions 
Organism Habitat TSA PP MPB TSA phytoplankton MPB 
      
Nutrient Reference Creek      
N. diversicolor  MF 8.3±22.7 71.1±47.0 20.6±68.3 10.2±85.2 42.9±108.6 46.9±193.7
S. benedicti  MF 12.9±20.5 33.7±38.9 53.4±57.4 19.8±86.8 57.1±110.7 23.1±197.5
I. obsoleta MF 29.1±19.2 14.4±33.3 56.5±50.4 42.2±15.3 34.3±32.3 23.4±46.5 
G. demissa  CW 0.0±37.3 100.0±77.3 0.0±113.4 69.9±59.9 7.0±59.9 23.1±20.3 
P. litoralis CW N/A N/A N/A 0.5±31.5 19.7±33.2 79.8±64.6 
M. aestuarina  CW 5.4±12.9 60.7±27.9 33.9±38.2 1.4±35.7 82.2±37.7 16.4±73.2 
C. immota  CW 41.9±4.3 24.9±9.8 33.2±10.6 70.0±28.9 26.0±30.5 4.0±59.2 
M. aestuarina TSA 1.4±13.7 49.5±29.0 49.0±39.8 4.4±30.1 77.7±31.7 18.0±61.7 
C. immota  TSA 35.1±7.7 21.6±10.1 43.2±14.2 51.7±20.9 25.8±21.9 22.6±42.6 
     
Nutrient Enrichment Creek      
N. diversicolor  MF 2.8±39.8 37.5±46.7 59.7±86.1 24.5±17.6 0.6±27.4 74.7±34.1 
S. benedicti  MF 10.3±25.7 56.3±28.6 33.4±53.3 4.1±13.6 22.3±22.6 73.6±22.0 
I. obsoleta  MF 30.0±26.1 30.0±20.6 40.0±46.4 66.3±15.3 31.4±21.9 2.3±36.9 
G. demissa  CW 0.0±23.0 100.0±17.0 0.0±38.8 25.2±27.8 69.1±39.8 5.6±67.3 
P. litoralis  CW N/A N/A N/A 7.7±7.6 0.9±15.2 91.4±20.6 
M. aestuarina  CW 0.6±17.4 62.4±20.1 37.0±36.0 4.8±9.3 20.2±18.3 75.0±25.9 
C. immota  CW 45.5±22.2 15.9±28.5 38.6±50.4 0.0±11.4 0.0±10.9 100.0±11.9
M. aestuarina  TSA 1.1±21.7 34.8±27.5 64.1±48.7 0.2±12.5 97.6±25.5 2.2±31.6 
C. immota  TSA 35.4±20.0 12.9±25.7 51.7±45.4 0.9±17.3 35.0±33.2 64.1±49.4 
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habitat.  Stem growth increased by 20% and length-specific leaf mass (g/cm of stem) increased 
by 25% for tall S. alterniflora in NEC (Deegan et al. 2007).  Similarly, length-specific leaf mass 
increased for the short form S. alterniflora.  Percent nitrogen content increased for both forms of 
S. alterniflora.  There was no change in growth or nitrogen content in S. patens and there was no 
change in stem density for either form of S. alterniflora and S. patens.     
 δ13C primary producer isotope values were similar in NRC at time 0 and after 10 weeks 
indicating little to no temporal change in δ13C primary producer isotope values (Tables 3.1 and 
3.5).  However, phytoplankton δ15N values decreased in NRC after 10 weeks from 9.8 ± 1.8 to 
7.3 ± 1.3.  Similar changes were found for isotope values of some consumers suggesting 
phytoplankton may be an important dietary resource (Figure 3.4). Specifically, δ15N values of M. 
aestuarina in the creek-wall habitat decreased from 9.3 ± 0.9‰ to 6.5 ±0.7‰.  S. benedicti δ15N 
values also decreased from 9.3 ± 0.3‰ to 7.6 ±0.8‰.  Temporal changes in diet are discussed 
below – see Figure 3.3 and IsoSource below.   
 δ13C primary producer isotope values were similar between NRC and NEC after 10 
weeks of nutrient additions to NEC; however, algal δ15N values were ~3.5‰ lower in NEC 
(Tables 3.5 and 3.6).  δ13C values for Spartina spp. from both creeks ranged from -14.1‰ to -
13.2‰.  The δ15N value for tall creek bank S. alterniflora was 5.9‰ in NRC and 7.4‰ in 
NEC.  S. patens and stunted S. alterniflora in both creeks had relatively low δ15N values at 
1.5‰ and 2.5‰ respectively in NRC and 3.0‰ and 2.1‰ respectively in NEC.  
Phytoplankton δ13C isotope values were similar in NRC and NEC but δ15N isotope values were 
higher (7.3 ± 1.3‰) in NRC compared to NEC (4.5 ±0.6‰).  Similarly, δ15N values for 
filamentous algae, epiphytic diatoms and epipelic diatoms were higher in NRC at 6.1 ± 2.1‰, 
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5.8 ± 0.3‰ and 6.6 ± 0.4‰, respectively and were 2.0 ± 1.5‰, 2.9 ± 0.3‰ and 1.8 ± 1.2‰, 
respectively in NEC (Tables 3.5 and 3.6).   
Table 3.5.  δ13C and δ15N isotope values of primary producers and consumers from nutrient 
reference creek (NRC) after 10 weeks.  Values presented are means ± standard deviations of 
pooled samples (number of replicates in parentheses).  Additional abbreviations include 
suspended particulate organic matter (SPOM), mudflat (MF), creek wall (CW), tall S. 
alterniflora (TSA), S. patens (SP) and stunted S. alterniflora (SSA).  
NRC 
Organism 
 
Habitat
 
δ13C (n) 
 
δ15N (n) 
S. alterniflora TSA -13.5 5.9 
S. patens SP -14.1 1.5 
stunted 
S. alterniflora SSA -13.3 2.5 
SPOM  -24.1±0.2 (2) 7.3±1.3 (2) 
Filamentous algae CW -19.8±2.7 (2) 6.1±2.1 (2) 
Epiphytes CW -18.9±0.0 (2) 5.8±0.3 (2) 
Epipelic MF -19.4±0.1 (2) 6.6±0.4 (2) 
N. diversicolor MF -20.8±1.1 (2) 7.5±0.9 (2) 
S. benedicti MF -20.4±0.2 (2) 7.6±0.8 (2) 
I. obsoleta MF -18.1±0.3 (5) 8.8±0.3 (5) 
G. demissa CW -20.6±2.4 (2) 7.9±0.8 (2) 
P. litoralis CW -19.4±1.6 (2) 7.5±1.0 (2) 
M. aestuarina CW -22.6±1.0 (2) 6.5±0.7 (2) 
C. immota CW -15.9±0.2 (2) 9.0±0.9 (2) 
M. aestuarina TSA -22.2±0.9 (2) 7.6±0.0 (2) 
C. immota TSA -16.9±0.0 (2) 8.6±0.6 (2) 
M. aestuarina SP -21.9±0.5 (2) 6.5±0.4 (2) 
C. immota SP -16.7±0.4 (3) 6.7±0.5 (3) 
O. grillus SP -17.2±0.1 (2) 5.3±0.1 (2) 
P. vittata SP -18.1±0.1 (2) 6.6±0.4 (2) 
M. bidentata SSA -17.2±0.9 (2) 6.5±0.7 (2) 
 
 The lower δ15N isotope values found in phytoplankton, filamentous algae and epipelic 
and epiphytic diatoms in NEC were most likely a result of changes in algal nitrogen cycling 
coupled with excess nutrients.  Spartina spp. δ15N values did not differ between creeks.  Thus, 
the addition of nutrients created relatively lower δ15N isotope values in algae compared to 
macrophytes resulting in greater isotope separation in NEC; the greater separation of primary 
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producer isotope values allowed for greater resolution of resource contributions in NEC (see 
below).  
Table 3.6. δ13C and δ15N isotope values of primary producers and consumers from nutrient 
enrichment creek (NEC) after 10 weeks of nutrient additions.  Values presented are means ± 
standard deviations of pooled samples (number of replicates in parentheses).  Additional 
abbreviations include suspended particulate organic matter (SPOM), mudflat (MF), creek wall 
(CW), tall S. alterniflora (TSA), S. patens (SP) and stunted S. alterniflora (SSA).     
 
NEC 
Organism 
 
Habitat
 
δ13C (n) 
 
δ15N (n) 
S. alterniflora TSA -13.2 7.4 
S. patens SP -13.6 3.0 
stunted 
S. alterniflora SSA -13.8 2.1 
SPOM  -23.9±1.5 (2) 4.5±0.6 (2) 
Filamentous algae CW -19.8±1.9 (2) 2.0±1.5 (2) 
Epiphytes CW -20.3±0.7 (2) 2.9±0.3 (2) 
Epipelic MF -19.6±2.8 (2) 1.8±1.2 (2) 
N. diversicolor MF -17.6±1.0 (2) 3.4±1.4 (2) 
S. benedicti MF -19.8±1.1 (4) 4.6±0.5 (4) 
I. obsoleta MF -16.7±0.2 (5) 8.6±0.2 (5) 
G. demissa CW -21.3±3.1 (2) 6.7±0.9 (2) 
P. litoralis CW -19.3±0.8 (2) 3.8±0.6 (2) 
M. aestuarina CW -20.2±0.4 (2) 5.4±0.8 (2) 
C. immota CW -19.8±0.1 (2) 4.9±0.2 (2) 
M. aestuarina TSA -23.8±1.4 (2) 5.1±1.2 (2) 
C. immota TSA -21.0±0.4 (2) 1.7±1.8 (2) 
M. aestuarina SP -22.8±0.3 (2) 2.9±1.1 (2) 
C. immota SP -18.4±0.5 (2) 5.2±1.1 (2) 
O. grillus SP -18.2±0.8 (2) 5.6±0.3 (2) 
P. vittata SP -17.3±0.4 (2) 6.1±0.5 (2) 
M. bidentata SSA -18.2±0.1 (2) 7.8±0.6 (2) 
 
Creek Comparisons.  ∆δ15N and ∆δ13C between NRC and NEC were calculated for infauna 
after 10 weeks of nutrient additions.  Specifically, the ∆δ13C and ∆δ15N for N. diversicolor 
(mudflat habitat), M. aestuarina (creek-wall habitat) and C. immota (creek-wall and tall S. 
alterniflora habitats) were both >2‰ and are interpreted as changes in diet with nutrient 
additions for these consumers (Figures 3.5 and 3.6).  Unlike infauna, ∆δ15N and ∆δ13C were 
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negligible (<2‰) for all epifaunal species studied including I. obsoleta (mudflat habitat), G. 
demissa (creek-wall habitat), O. grillus (S. patens habitat), P. vittata (S. patens habitat) and M. 
bidentatus (stunted S. alterniflora habitat) indicating no change in diet and little consumption of 
labeled algae in NEC for these consumers (Figures 3.6).  The ∆δ13C values between creeks for N. 
diversicolor and M. aestuarina were 3.2‰ and 2.4‰ respectively (Figure 3.5) and resulted 
from higher δ13C values in NEC compared to NRC.  The change in both isotopes indicate that 
dietary resource contributions changed for N. diversicolor with nutrient additions and that N. 
diversicolor and M. aestuarina consumed a labeled algal resource (i.e., MPB) in NEC.  Similar 
changes in isotope values were found for C. immota in creek-wall and tall S. alterniflora 
habitats; however, the ∆δ13C and ∆δ15N found for C. immota were relatively greater at 3.9‰ and 
4.1‰ respectively in creek-wall habitat and 4.1‰ and 6.9‰ respectively in tall S. alterniflora 
habitat (Figure 3.5 and 3.6).    
 A ∆δ15N isotope values of >2‰ but with a negligible ∆δ13C did not indicate changes in 
diet but instead indicate the consumption of algae with an altered δ15N isotope value in NEC.  
Such changes in δ15N between creeks were found for S. benedicti (mudflat habitat) at 3.0‰, P. 
litoralis (creek-wall habitat) at 3.7‰ and M. aestuarina (tall S. alterniflora habitat) at 2.5‰.  
The changes in algal δ15N isotope values with nutrient additions and subsequent consumption of 
labeled algae by infauna allowed for greater separation of basal resources and thus greater 
resolution of dietary contributions.    
Temporal Changes in Dietary Resources Using IsoSource.  Comparisons were made between 
mixing model results in NRC from time 0 and after 10 weeks to determine changes in diet over 
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Figure 3.5.  The ∆δ13C and ∆δ15N values between NEC and NRC after 10 weeks of nutrient 
additions for a) mudflat and b) creek-wall habitat.  A ∆δ13C values between NEC and NRC 
>2‰ is considered a result of a change in diet with nutrient additions.  Similarly, a ∆δ15N values 
between NEC and NRC >2‰ is considered consumption of algae with an altered δ15N value 
(NEC).  Abbreviations include nutrient enrichment creek (NEC) and nutrient reference creek 
(NRC).   
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Figure 3.6.  The ∆δ13C and ∆δ15N values between NEC and NRC after 10 weeks of nutrient 
additions for a) tall S. alterniflora, b) S. patens and c) stunted S. alterniflora.  A ∆δ13C values 
between NEC and NRC >2‰ is considered a result of a change in diet with nutrient additions.  
Similarly, a ∆δ15N values between NEC and NRC >2‰ is considered consumption of algae with 
an altered δ15N value (NEC).  Abbreviations include stunted S. alterniflora (SSA) and nutrient 
enrichment creek (NEC) and nutrient reference creek (NRC).  (Figure continued) 
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time (Figure 3.3).  Phytoplankton and filamentous algal contributions increased for N. 
diversicolor from 0-31% to 36-49% for phytoplankton and from 0-30% to 40-45% for 
filamentous algae.  S. alterniflora dietary contributions decreased for S. benedicti after 10 weeks 
in NRC from 24-30% to 0-8%.  Very small differences were observed in the diet of M. 
aestuarina and C. immota regardless of habitat.  Thus, phytoplankton remained an important 
dietary resource for M. aestuarina.  Likewise, S. alterniflora remained important to the diet of I. 
obsoleta.  No other changes in diet over time were evident. 
Changes in Dietary Resources with 10 Weeks of Nutrient Additions Using IsoSource.  
Consumer dietary contributions were compared in NRC and NEC after 10 weeks to determine 
any changes in basal resource use with nutrient additions (Table 3.7).  Phytoplankton dietary 
contributions decreased for N. diversicolor from 36-49% in NRC to 0-15% in NEC.  
Phytoplankton contributions decreased by at least 19% for M. aestuarina from creek-wall habitat 
in NEC and may have contributed as little as 21% in NEC, whereas the minimum phytoplankton 
contributions were 50% in NRC.  In addition, maximum dietary contributions of filamentous 
algae and epiphytic and epipelic diatoms increased from 12%, 11% and 11%, respectively from 
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creek-wall habitat in NRC to 37%, 71% and 40% for M. aestuarina from creek-wall habitat in 
NEC.  For C. immota in creek-wall habitat, the range of S. alterniflora dietary contributions 
decreased from 33-53% in NRC to 0-15% in NEC.  Similar to M. aestuarina in this habitat, 
maximum dietary contributions from epiphytes increased for C. immota from 52% in NRC to 
91% in NEC.  For marsh platform epifauna, S. alterniflora was not important to the diet of O. 
grillus, P. vittata or M. bidentatus in NRC.  In NEC, contributions from S. alterniflora where 
never > 30% for these consumers excluding M. bidentatus.  S. alterniflora contributed 45-47% of 
the diet of P. vittata.  Overall, S.alterniflora dietary contributions remained minimal for most 
consumers including N. diversicolor (mudflat habitat), S. benedicti (mudflat habitat), G. demissa 
(creek-wall habitat), P. litoralis (creek-wall habitat) and M. aestuarina (creek-wall and tall S. 
alterniflora habitats) regardless of creek (Table 3.7).  S. alterniflora was however, important for 
I. obsoleta and could contributed from 28-43% of the diet in NRC and 58-60% in NEC.  S. 
patens dietary contributions were minimal for most consumers; however, some ranges of dietary 
contributions from S. patens were wide with low, minimum contributions.   
 The ranges of dietary contributions from phytoplankton indicate that this basal resource 
was important to the diet of a number of consumers.  Specifically, minimum dietary 
contributions from phytoplankton to the diet of M. aestuarina in creek-wall, tall S. alterniflora 
and S. patens habitats were always > 60% in NRC and were 100% for M. aestuarina in tall S. 
alterniflora habitat in NEC (Table 3.7).  Phytoplankton also could contribute substantially to the 
diet of G. demissa in both creeks, N. diversicolor in NRC and P. vittata from the marsh platform  
of NEC.  Filamentous algae were not an important dietary resource for I. obsoleta and M. 
 
aestuarina (creek-wall habitat only) in either creek.  In addition, filamentous algae were not 
 
important to the diet of infauna (i.e. M. aestuarina and C. immota) in tall S. alterniflora habitat 
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Table 3.7.  Resource contributions calculated with IsoSource for consumers collected from 
nutrient reference creek (NRC) and nutrient enrichment creek (NEC) after 10 weeks.  Primary 
producers included in the mixing model were S. alterniflora, S. patens, phytoplankton (SPOM 
served as a proxy - see methods), filamentous algae, epipelic diatoms from mudflat and epiphytic 
diatoms from creek wall.  Values reported are ranges of potential dietary contributions.  
Additional abbreviations include mudflat (MF), creek wall (CW), tall S. alterniflora (TSA), S. 
patens (SP) and stunted S. alterniflora (SSA), phytoplankton (PP) and filamentous algae (FA).  
 
Organism 
 
Habitat 
 
TSA 
 
SP/SSA
 
PP 
 
FA 
 
Epiphytic 
 
Epipelic
NRC        
N. diversicolor  MF 0-4 0-9 36-49 40-45 0-14 0-14 
S. benedicti  MF 0-8 0-25 29-61 13-52 0-30 0-28 
I. obsoleta MF 28-43 0-12 19-47 0-20 0-42 0-51 
G. demissa  CW 0-9 0-27 34-70 0-42 0-36 0-35 
P. litoralis CW 0-15 0-35 8-58 0-55 0-56 0-55 
M. aestuarina  CW 0-3 0-6 78-89 0-12 0-11 0-11 
C. immota  CW 33-53 0-22 0-25 0-45 0-52 0-49 
M. aestuarina TSA 0-3 0-11 69-86 0-23 0-11 0-10 
C. immota  TSA 32-55 0-8 0-36 0-17 0-44 0-64 
M. aestuarina SP 0-4 0-14 62-82 0-27 0-13 0-12 
C. immota SP 0-26 16-44 0-32 0-57 0-65 0-57 
O. grillus SP 0-10 25-56 0-38 0-61 0-28 0-24 
P. vittata SP 0-17 2-42 0-45 0-81 0-46 0-40 
M. bidentata SSA 0-19 15-46 0-36 0-64 0-52 0-47 
NEC        
N. diversicolor  MF 0-15 11-38 0-15 0-73 0-35 0-74 
S. benedicti  MF 0-12 0-20 0-43 0-57 0-100 0-56 
I. obsoleta  MF 58-60 0-4 27-33 0-6 1-13 0-7 
G. demissa  CW 13-16 0-6 73-78 0-7 1-8 0-4 
P. litoralis CW 0-8 0-15 0-25 0-72 0-59 0-72 
M. aestuarina  CW 0-16 0-28 21-59 0-37 0-71 0-40 
C. immota  CW 0-15 0-25 5-48 0-52 0-91 0-48 
M. aestuarina  TSA 0 0 100 0 0 0 
C. immota  TSA - - - - - - 
M. aestuarina SP - - - - - - 
C. immota SP 0-26 0-46 0-46 0-53 0-75 0-52 
O. grillus SP 5-30 0-45 0-48 0-44 0-74 0-47 
P. vittata SP 15-45 0-42 0-43 0-52 0-63 0-49 
M. bidentata SSA 45-47 0-4 46-49 0-3 1-6 0-3 
 
from NRC.  Filamentous algae could comprise 40-45% of the diet of N. diversicolor in NRC.  
Epiphytic diatoms were not an important dietary resource for the following consumers in 
mudflat; N. diversicolor (NRC), I. obsoleta (NEC); in the creek wall, G. demissa; M. aestuarina 
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(NRC) and in tall S. alterniflora habitat, M. aestuarina (NRC and NEC) and in S. patens habitat 
for P. vittata (Figure 3.2). MPB were not an important dietary resource for the following 
consumers in the mudflat for N. diversicolor (NRC), I. obsoleta (NEC) and G. demissa (NEC).  
Epipelic diatoms were not an important dietary resource for the marsh platform consumers, O. 
grillus (NRC) and P. vittata (NEC).  For a number of consumers, epiphytic and epipelic diatoms 
had high ranges of dietary contributions with low, minimum contributions.  Thus, dietary 
contributions from these two sources could not adequately be determined.  In addition, isotope 
values for C. immota in tall S. alterniflora habitat and M. aestuarina in S. patens habitat fell 
outside the primary producer mixing polygon in NEC.  Thus, IsoSource could not determine 
feasible ranges of dietary contributions (Figure 3.4).                   
Three-source Mixing Model in NRC.  The three-source mixing model revealed minimum 
phytoplankton dietary contributions were > than 40% for M. aestuarina in creek-wall and tall S. 
alterniflora habitat while minimum S. alterniflora contributions were > 40% to the diet of C. 
immota in creek-wall habitat (Table 3.4).  Although the relative basal resource contribution to C. 
immota in tall S. alterniflora habitat could not be resolved, the isotope model revealed that S. 
alterniflora contributed a minimum contribution of 30.8%.  Resource contributions could not be 
resolved for the remaining consumers in NRC.   
Three-source Mixing Model in NEC.  Both δ15N and δ13C were used in the three-source 
mixing model to determine dietary resources.  Thus, changes in dietary resource contributions 
with nutrient additions as indicated by changes in δ13C isotope values should be reflected in 
mixing model results.  Similarly, changes in consumer δ15N isotope values as a result of 
consumption of labeled algae should be reflected in mixing model results.  Primary producer 
contributions to the benthic food web were better resolved for NEC and were most likely a result 
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of the δ15N-depleted label in algae where the latter resulted in greater separation of primary 
producer isotope values in NEC.  Mixing model results indicate epipelic diatoms contributed a 
minimum of 51.6% of the diet of S. benedicti while epiphytic diatoms comprised a minimum of 
70% of the diet of P. litoralis (Table 3.2).  Maximum dietary contributions from phytoplankton 
were < 20% for P. litoralis.  Maximum, S. alterniflora dietary contributions for both S. benedicti 
and P. litoralis were < 20%.  Mixing model results indicate that a minimum of 40% of the diet of 
N. diversicolor was from epipelic diatoms.  Mixing model results for M. aestuarina in creek-wall 
habitat indicate that this surface-dwelling polychaete switched from a phytoplankton-based diet 
to a minimum diet of 49.1% epiphytic diatoms (Figure 3.7).  Similarly, C. immota switched from 
a diet primarily comprised of S. alterniflora (31.7% to 72.6%) in NRC, to a diet of epiphytic 
diatoms (88.9%) in NEC (Figure 3.7).  Maximum S. alterniflora dietary contributions were < 
20% for M. aestuarina (creek-wall and tall S. alterniflora habitat) and C. immota (creek-wall and 
tall S. alterniflora habitat) in NEC (Table 3.4).  Minimum dietary contributions from S. 
alterniflora were >50% for I. obsoleta.   Primary producer contributions to the diet of G. demissa 
(creek-wall habitat) were unresolved in both creeks.        
Gut Contents.  Algae, including filamentous and microalgae, comprised a greater proportion of  
the gut-content composition than debris or sand particles in all species (Table 3.8).  Based on 
non-overlapping standard deviations, excluding sand, pennate diatoms were the food group with 
the highest percent composition in the gut contents of P. litoralis in both NRC and NEC and the 
percent composition of pennate diatoms was significantly higher in the gut contents of C. immota 
in the creek-wall and tall S. alterniflora habitat in NEC compared to NRC (Figure 3.8).  For both 
creeks, filamentous algae had the highest percent composition of any food item in the gut 
contents of O. grillus.  Centric diatoms had the highest percent composition of any food item in 
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Figure 3.7.  Mean basal resource contributions to the diet of a) M. aestuarina in creek-wall 
habitat, b) C. immota in creek-wall habitat and c) C. immota from sediment under the tall S. 
alterniflora canopy  as determined by the three-source mixing model, IsoError in NEC after 10 
weeks of nutrient additions.  Mixing model end members were phytoplankton, epiphytes 
(diatoms) and tall form S. alterniflora.  Abbreviations include nutrient reference creek (NRC; in 
white) and nutrient enrichment creek (NEC; in gray).  Values are means ± standard deviations.  
Asterisks indicate a significant difference in diet between creeks.  (Figure continued) 
 
0
20
40
60
80
100
120
140
D
ie
ta
ry
 c
on
tr
ib
ut
io
n 
(%
) M. aestuarina 
Creek Wall Habitat
NRC
NEC
0
20
40
60
80
100
120
D
ie
ta
ry
 c
on
tr
ib
ut
io
n 
(%
)
C. immota
Creek Wall Habitat
NRC
NEC
a) 
b) 
*
*
*
90 
 
 
 
the gut contents of M. aestuarina in the tall S. alterniflora habitat in both creeks when sand was 
excluded (Figure 3.9) while centric diatoms had the highest percent composition in gut contents 
in the S. patens habitat in NRC only.  The diameter of whole centric diatoms in the guts of M. 
aestuarina did not exceed 20 µm and was most often ~5 µm suggesting selection of algae based 
on size.  In the creek-wall habitat, gut-content analysis revealed M. aestuarina consumed an 
approximately equal proportion of centric and pennate diatoms.  Filamentous algae had the 
highest percent composition of any food group in the gut contents of O. grillus in both creeks 
(Table 3.8).  Total amount of gut contents for both M. aestuarina and C. immota was 
substantially lower in S. patens habitat than any other.    
Comparisons of ranks of gut content similarities were conducted using ANOSIM and 
SIMPER analysis.  Comparisons between creeks indicated significant differences in gut content 
similarity in M. aestuarina in creek-wall and S. patens habitat (p=0.046, CW; p=0.022, SP) and 
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Figure 3.9.  Gut contents of M. aestuarina collected from under the tall S. alterniflora canopy in 
the NRC after 10 weeks.  This picture was taken under the 100x objective and with oil 
immersion.  As seen here, centric diatoms most often comprised the majority of gut contents for 
this consumer.  
 
C. immota (creek-wall habitat, p= 0.001; tall S. alterniflora, p=0.001) and showed pennate 
diatoms contributed most to percent dissimilarity for M. aestuarina in S. patens habitat and for 
C. immota in tall S. alterniflora habitat (Table 3.9).  In creek-wall habitat, centric diatoms 
contributed most to percent dissimilarity for M. aestuarina while debris contributed most for C. 
immota.  Gut contents were compared across creek-wall, tall S. alterniflora and S. patens habitats 
for M. aestuarina and C. immota.  M. aestuarina showed significant differences in gut 
composition in both NRC and NEC (Table 3.10).  Similar differences were found for C. immota 
centric diatoms 
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excluding creek-wall and tall S. alterniflora habitats in NEC.  Within each creek, I compared gut 
contents from consumers in creek habitats (mudflat and creek-wall habitat) to the gut contents of 
consumers occupying habitats on the marsh platform (tall S. alterniflora, S. patens and stunted S. 
alterniflora habitat) and found significant differences for both NRC (p=0.001) and NEC 
(p=0.001).  
DISCUSSION 
 This study shows 1) the relative contribution of primary producers varied among species 
but there was generally little variation in species natural diets across the intertidal gradient, 2) the 
addition of nutrients altered the relative contribution of basal resources to the diet of three 
species of infauna (the polychaetes, N. diversicolor and M. aestuarina and the oligochaete, C. 
immota) but not to epifauna examined,  3) nutrient effects on basal resource use were found in 
multiple habitats including creek mudflat, creek-wall and tall S. alterniflora habitats 4) the 
addition of nutrients altered algal isotope values improving resolution of resource contributions.  
Tables 3.11 to 3.14 summarize the findings for this chapter.  
 Overall, isotope mixing model results were inconclusive and the dietary contributions of 
many benthic fauna were unresolved.  However, for several consumers mixing models provided 
some level of diet resolution.  In general, phytoplankton and to a much lesser extent, S. 
alterniflora, contributed to diets, while the dietary contribution of MPB including epipelic and 
epiphytic diatoms were primarily unresolved.  Specifically, phytoplankton was important to the 
diet of N. diversicolor (mudflat habitat), S. benedicti (mudflat habitat), M. aestuarina (creek- 
wall, tall S. alterniflora and S. patens habitat) and G. demissa (creek-wall habitat).  N. 
diversicolor, S. benedicti and M. aestuarina are classified as selective, surface- and suspension- 
feeding polychaetes and as such, have the ability to utilize a variety of primary producers
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Table 3.8.  Gut contents of benthic fauna from both nutrient reference creek and nutrient enrichment creek in August.  Values are the 
mean proportion of gut contents for each food item ± standard deviations (n=10).  Abbreviations include filamentous algae (FA), 
mudflat (MF), creek wall (CW), tall S. alterniflora (TSA), S. patens (SP) and stunted S. alterniflora (SSA).   
 
 
Nutrient Reference Creek Nutrient Enrichment Creek 
Organism 
Habita
t FA Centric Pennate Debris Sand FA Centric Pennate Debris Sand 
            
N. diversicolor MF 0.5±0.5 1.0±0.0 2.2±0.6 1.9±1.0 2.1±1.0 0.3±0.5 1.0±0.0 2.6±0.5 2.4±0.5 1.6±0.5 
P. litoralis CW 0.0±0.0 0.3±0.5 3.4±0.7 1.0±0.0 2.1±0.6 0.0±0.0 0.4±0.5 3.2±0.4 1.0±0.0 2.2±0.4 
M. aestuarina CW 0.0±0.0 2.7±0.7 2.4±0.7 1.0±0.0 2.3±0.7 0.0±0.0 2.3±0.8 2.7±0.5 1.0±0.0 1.9±0.3 
M. aestuarina TSA 0.0±0.0 3.3±0.5 1.3±0.5 1.0±0.0 2.2±0.6 0.0±0.0 3.3±0.5 1.1±0.3 1.0±0.0 1.5±0.5 
M. aestuarina SP 0.0±0.0 2.2±0.4 1.2±0.4 1.0±0.0 2.7±0.5 0.0±0.0 1.9±0.3 1.8±0.4 1.0±0.0 2.8±0.4 
C. immota CW 0.0±0.0 0.9±0.3 1.9±0.3 2.3±0.5 2.5±0.5 0.0±0.0 0.5±0.5 2.8±0.4 1.0±0.0 1.6±0.5 
C. immota TSA 0.0±0.0 0.7±0.5 1.4±0.5 1.9±0.3 2.1±0.3 0.0±0.0 0.6±0.5 2.6±0.5 1.0±0.0 1.7±0.5 
C. immota SP 0.0±0.0 0.3±0.5 1.4±0.5 2.3±0.5 2.7±0.5 0.0±0.0 0.4±0.5 1.7±0.5 1.8±0.4 2.7±0.5 
O. grillus SP 2.8±0.4 1.0±0.0 1.2±0.4 1.9±0.3 1.0±0.0 2.8±0.4 1.0±0.0 1.2±0.4 1.6±0.5 1.2±0.4 
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Table 3.9.  ANOSIM p values and SIMPER dissimilarity for gut contents of benthic fauna in 
August after 10 weeks of nutrient additions to NEC.   The * indicates significance at p=0.05 or 
lower.  Resource groups include filamentous algae, centric and pennate diatoms, debris and sand.  
Abbreviations include creek wall (CW), tall S. alterniflora understory (TSA) and S. patens 
understory (SP).     
Organism 
 
Creeks Dissimilarity (%) 
N. diversicolor 0.055   
P. litoralis 0.534   
M. aestuarina (CW) 0.046* Centrics 39.18 
M. aestuarina (TSA) 0.182   
M. aestuarina (SP) 0.022* Pennates 49.64 
C. immota (CW) 0.001* Debris 35.65 
C. immota (TSA) 0.001* Pennates 39.33 
C. immota (SP) 0.322   
O. grillus (SP) 0.301   
Species Combined 0.001* Centrics 27.76 
 
Table 3.10.  ANOSIM p values and SIMPER dissimilarity for M. aestuarina and C. immota 
across three habitats in nutrient reference creek (NRC) and nutrient enrichment creek (NEC) in 
August after 10 weeks of nutrient addition.  The asterisks indicate significance at p=0.05 or 
lower.  Additional abbreviations include creek wall (CW), tall S. alterniflora understory (TSA) 
and S. patens understory. 
 Across Habitats 
        NRC                      NEC Dissimilarity (%) Dissimilarity (%)
M. aestuarina  CW, TSA 0.002* CW, TSA 0.001* Pennates 44.33 Pennates 50.98 
 CW, SP 0.001* CW, SP 0.001* Pennates 48.31 Sand 35.26 
 TSA, SP 0.001* TSA, SP 0.001* Centric 50.55 Centrics 40.62 
C. immota  CW, TSA 0.003* CW, TSA 0.633 Pennates 32.28 - - 
 CW, SP 0.009* CW, SP 0.001* Centrics 30.75 Pennates 31.82 
 TSA, SP 0.012* TSA, SP 0.001* Sand 31.36 Sand 32.11 
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Table 3.11.  Summary table of the importance of primary producers to the diet of benthic fauna 
from time 0 in nutrient reference creek (NRC) and nutrient enrichment creek (NEC) as 
determined by IsoSource.  Primary producer dietary contributions ≤ 25% were considered not 
important and are denoted with a NO in the table below.  Minimum dietary contributions > 25% 
are considered important and are denoted with a YES in the table below.  Minimum primary 
producer dietary contributions < 25% with maximum dietary contributions ≥ 25% are considered 
unresolved and are denoted with a U in the table below.  Additional abbreviations include 
mudflat (MF), creek wall (CW), tall S. alterniflora (TSA), S. patens (SP) and stunted S. 
alterniflora (SSA), phytoplankton (PP) and filamentous algae (FA).   
Time 0  Dietary Importance 
Organism Habitat TSA SP/SSA PP FA Epiphytic Epipelic 
NRC        
N. diversicolor MF NO NO NO U U U 
S. benedicti MF YES NO YES NO NO NO 
I. obsoleta MF YES NO U NO U U 
G. demissa CW NO NO YES NO NO NO 
M. aestuarina CW NO NO YES NO NO U 
C. immota CW U NO U U U U 
M. aestuarina TSA NO NO YES NO NO NO 
C. immota TSA YES NO YES NO NO NO 
M. aestuarina SP NO NO YES NO NO U 
C. immota SP U U U U U U 
O. grillus SP U U U U U U 
P. vittata SP U U U U U U 
M. bidentata SSA YES U U U U U 
NEC        
N. diversicolor MF NO NO NO YES U U 
S. benedicti MF NO NO YES NO NO NO 
I. obsoleta MF U NO U NO U U 
G. demissa CW NO NO YES NO NO NO 
M. aestuarina CW NO NO YES NO U U 
C. immota CW YES NO U U U U 
M. aestuarina TSA NO NO YES U U NO 
C. immota TSA U NO U U U U 
M. aestuarina SP NO NO YES NO NO NO 
C. immota SP YES U NO U U U 
O. grillus SP NO U U U U U 
P. vittata SP NO YES YES U NO NO 
M. bidentata SSA NO U U U U U 
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Table 3.12. Summary table of the importance of primary producers to the diet of benthic fauna after 
10 weeks in nutrient reference creek (NRC) and nutrient enrichment creek (NEC) as determined by 
IsoSource.  Primary producer dietary contributions ≤ 25% were considered not important and are 
denoted with a NO in the table below.  Minimum dietary contributions > 25% are considered 
important and are denoted with a YES in the table below.  Minimum primary producer dietary 
contributions < 25% with maximum dietary contributions ≥ 25% are considered unresolved and are 
denoted with a U in the table below.  Temporal diet changes and diet changes as a result of nutrient 
additions are denoted by a YES in the table below.  No temporal diet change or change as a result of 
nutrient additions is donated with a NO in the table below.  Unresolved temporal and nutrient 
effects on diet are denoted with a U in the table below.  Additional abbreviations include mudflat 
(MF), creek wall (CW), tall S. alterniflora (TSA), S. patens (SP) and stunted S. alterniflora (SSA), 
phytoplankton (PP) and filamentous algae (FA).  
10 WEEKS  Dietary Importance   
Organism Habitat SA 
SP/ 
SSA PP FA Epiphytic Epipelic 
Temporal 
Change 
Diet 
Change 
NRC          
N. diversicolor MF NO NO YES YES NO NO YES - 
S. benedicti MF NO NO YES U U U YES - 
I. obsoleta MF YES NO U NO U U NO - 
G. demissa CW NO U YES U U U U - 
P. litoralis CW NO U U U U U - - 
M. aestuarina CW NO NO YES NO NO NO NO - 
C. immota CW NO NO NO U U U U - 
M. aestuarina TSA NO NO YES NO NO NO NO - 
C. immota TSA YES NO U NO U U U - 
M. aestuarina SP NO NO YES U NO NO U - 
C. immota SP YES U U U U U U - 
O. grillus SP NO U U U U NO U - 
P. vittata SP NO U U U U U U - 
M. bidentata SSA NO U U U U U U - 
NEC          
N. diversicolor MF NO U NO U U U - YES 
S. benedicti MF NO NO U U U U - U 
I. obsoleta MF YES NO U NO NO NO - U 
G. demissa CW NO NO YES NO NO NO - U 
P. litoralis CW NO NO NO U U U - - 
M. aestuarina CW NO U U U U U - U 
C. immota CW NO NO U U U U - U 
M. aestuarina TSA NO NO YES NO NO NO - NO 
C. immota TSA - - - - - - - - 
M. aestuarina SP - - - - - - - - 
C. immota SP U U U U U U - U 
O. grillus SP U U U U U U - U 
P. vittata SP U U U U U U - U 
M. bidentata SSA YES NO YES NO NO NO - YES 
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Table 3.13.  Summary table of the importance of primary producers to the diet of benthic fauna 
from time 0 in nutrient reference creek (NRC) and nutrient enrichment creek (NEC) as 
determined by the three-source mixing model, IsoError.  Primary producer dietary contributions 
≤ 25% were considered not important and are denoted with a NO in the table below.  Minimum 
dietary contributions > 25% are considered important and are denoted with a YES in the table 
below.  Minimum primary producer dietary contributions < 25% with maximum dietary 
contributions ≥ 25% are considered unresolved and are denoted with a U in the table below.  
Additional abbreviations include mudflat (MF), creek wall (CW), tall S. alterniflora (TSA), 
phytoplankton (PP), microphytobenthos (MPB; epipelic diatoms in mudflat and epiphytic 
diatoms in creek wall).  
Organism Habitat TSA PP MPB
NRC     
N. diversicolor MF U YES U 
S. benedicti  MF U U U 
I. obsoleta MF U U U 
G. demissa  CW U YES U 
M. aestuarina  CW U YES U 
C. immota  CW YES U U 
M. aestuarina TSA U U U 
C. immota  TSA YES U YES 
NEC     
N. diversicolor MF U U U 
S. benedicti  MF U U U 
I. obsoleta  MF U U U 
G. demissa  CW NO YES U 
M. aestuarina  CW NO YES U 
C. immota  CW U U U 
M. aestuarina  TSA NO U U 
C. immota  TSA U U U 
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Table 3.14. Summary table of the importance of primary producers to the diet of benthic fauna 
from after 10 weeks in nutrient reference creek (NRC) and nutrient enrichment creek (NEC) as 
determined by the three-source mixing model, IsoError.  Primary producer dietary contributions 
≤ 25% were considered not important and are denoted with a NO in the table below.  Minimum 
dietary contributions > 25% are considered important and are denoted with a YES in the table 
below.  Minimum primary producer dietary contributions < 25% with maximum dietary 
contributions ≥ 25% are considered unresolved and are denoted with a U in the table below.  
Temporal diet changes and diet changes as a result of nutrient additions are denoted by a YES in 
the table below.  No temporal diet change or change as a result of nutrient additions is donated 
with a NO in the table below.  Unresolved temporal and nutrient effects on diet are denoted with 
a U in the table below.  Additional abbreviations include mudflat (MF), creek wall (CW), tall S. 
alterniflora (TSA), phytoplankton (PP), microphytobenthos (MPB; epipelic diatoms in mudflat 
and epiphytic diatoms in creek wall).  
Organism Habitat TSA PP MPB
Temporal
Change 
Diet 
Change 
Better  
Resolution
NRC        
N. diversicolor  MF U U U U - - 
S. benedicti  MF U U U U - - 
I. obsoleta MF YES U U U - - 
G. demissa  CW U U U U - - 
P. litoralis CW U U U - - - 
M. aestuarina  CW U YES U NO - - 
C. immota  CW YES U U NO - - 
M. aestuarina TSA U YES U U - - 
C. immota  TSA YES U U U - - 
NEC        
N. diversicolor  MF U U YES - YES  NO 
S. benedicti  MF NO U YES - U YES 
I. obsoleta  MF YES U U - NO NO 
G. demissa  CW U YES U - NO NO 
P. litoralis CW NO NO YES - - YES 
M. aestuarina  CW NO U YES - YES NO 
C. immota  CW NO NO YES - YES NO 
M. aestuarina  TSA NO YES U - NO NO 
C. immota  TSA NO U U - U NO 
 
including settled and suspended phytoplankton.  Gut-content analysis confirmed consumption of 
phytoplankton by all three polychaetes, but also revealed ingestion of MPB, in the form of 
pennate diatoms.  Although dietary contributions from MPB were primarily unresolved in both 
mixing models, gut-content analysis suggests that both phytoplankton and MPB are important 
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food resources for these consumers.  The dietary importance of phytoplankton and MPB for 
infauna has previously been shown in the PIE (Galván et al. 2008). 
 Consumption of phytoplankton by benthic consumers was not surprising in habitats that 
experience daily flooding.  However, mixing-model results and gut-content analysis indicate that 
M. aestuarina collected from under the S. patens canopy fed primarily on phytoplankton.  S. 
patens occupies the higher intertidal marsh and is only flooded during spring tides.  Spring tides 
occur every two weeks in the PIE and last for approximately three to four days.  Because 
exposure to phytoplankton is limited in this habitat, high dietary contributions from 
phytoplankton were surprising and merits additional inquiry.  
 The diet of the ribbed mussel, G. demissa, has been well studied (Kreeger and Newell 
2000 and references therein, Peterson et al, 1985) and has been shown to rely on a diet of 
phytoplankton, microheterotrophs and macrophyte detritus (Kreeger and Newell 2000).  The 
relative contributions of these food resources to the diet of G. demissa vary with season; 
however, highest dietary contributions from phytoplankton are found in the spring and summer 
(Kreeger and Newell 2000).  In addition, Peterson et al. (1985) found differences in the diet of G. 
demissa depending on location in the estuary where dietary contributions from phytoplankton 
decreased in the diet in more landward regions.  This study was conducted in the mid to lower 
regions of the PIE in summer.  Thus, high phytoplankton dietary contributions found in this 
study may be a function of season and/or location within the estuary.    
 Overall, the dietary contributions from macrophytes, including both forms of S. 
alterniflora and S. patens were relatively low for most consumers.  However, S. alterniflora was 
an important food resource for the mud snail I. obsoleta and the oligochaete, C. immota 
especially in sediments under Spartina canopy.  I. obsoleta are abundant on mudflats where they 
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have been reported to consume carrion (Gurin and Carr 1971) as well as graze macrophyte 
detritus (Feller 1984) and benthic diatoms (Miller et al. 1996).  Surprisingly, mixing model 
results from this study indicate that dietary contributions from MPB to I. obsoleta are either 
unresolved or unimportant.  Oligochaetes such as C. immota are primarily thought to subsurface-
deposit feed utilizing sediment organic matter as they burrow through the sediment matrix.  
However, little is known about the diet and life history of C. immota.  C. immota, lacks external 
feeding structures and thus may not be able to exploit the range of food items as found with 
polychaetes.  Although mixing models indicate the dietary importance of S. alterniflora, gut 
content analysis of C. immota revealed a mix of debris (i.e., detritus) and centric and pennate 
diatoms for all habitats.   
 Due to large ranges in potential dietary contributions from mixing models, the diets of the 
high marsh epifauna, O. grillus, P. vittata and M. bidentatus were relatively unresolved.  
However, maximum dietary contributions from macrophytes were < 20% for these consumers on 
some occasions and never exceeded 55%.  Yet, actual Spartina spp. dietary contributions could 
have been 0% in many cases.  O. grillus is primarily considered a leaf-shredding detritivore that 
consumes the detritus and associated microbes of dominant marsh macrophytes (Lopez et al. 
1977).  However, δ13C analysis in this study indicated the dietary importance of a resource with 
an intermediate isotope value.  Furthermore, gut-content analysis revealed filamentous algae was 
the dominant food item of O. grillus.  Gut-content analysis in combination with intermediate 
δ13C isotope values indicated that filamentous algae was likely an important dietary resource for 
O. grillus.  Similarly, isotope values for P. vittata and M. bidentatus suggested the dietary 
importance of an intermediate resource.  Unfortunately, gut-content analysis was not conducted 
on these consumers.  However, food-web analysis in 2005 in PIE suggested that some marsh 
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platform epifauna switch to a diet of Spartina spp. at the end of the summer season (Chapter 5).  
To my knowledge, possible seasonal shifts have not been found before in PIE.  More collections 
are needed to sort out possible seasonal changes in resource use.   
    Nutrient additions altered the diet of infauna across the intertidal gradient after ten weeks 
of nutrient additions.  In NEC, contributions of MPB including epipelic and epiphytic diatoms 
increased in the diets of some infauna with fertilization.  In the mudflat habitat, N. diversicolor 
switched from a diet primarily composed of phytoplankton to a diet of epipelic diatoms.  The 
diet of N. diversicolor seems especially flexible in PIE.  In a previous study, N. diversicolor fed 
almost exclusively on epipelic diatoms in mudflat habitat but changed in creek-wall habitat to a 
diet of phytoplankton.   In creek wall, M. aestuarina primarily suspension fed on phytoplankton 
regardless of creek or time.  However, with the addition of nutrients, the dietary importance of 
epiphytic diatoms to M. aestuarina greatly increased.  In addition, an increase in pennate diatoms 
was found in the guts of M. aestuarina in creek-wall habitat of NEC relative to NRC after 10 
weeks of nutrient additions and resulted in significant variation  in gut-content analysis for M. 
aestuarina in this habitat.  Of the infauna, C. immota had the highest dietary contributions of S. 
alterniflora throughout the study regardless of habitat.  However, with nutrient additions C. 
immota switched to a diet almost exclusive of epiphytic diatoms in creek-wall and tall S. 
alterniflora habitats.  Although mixing models results were unresolved for the diet for C. immota 
in tall S. alterniflora habitat, both δ13C and δ15N isotope values decreased (> 4‰) suggesting a 
change in diet with nutrient additions.  Similar to M. aestuarina in the creek-wall habitat, gut-
content analysis were significantly different with nutrient additions and revealed C. immota 
primarily consumed pennate diatoms in both creek-wall and tall S. alterniflora habitat of NEC 
(Plate 2).  Thus, the 10-week nutrient additions resulted in changes in basal resource use within 
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algal resources for a surface-feeding polychaete, M. aestuarina, and a switch in the subsurface 
feeding, Spartina detritivore, C. immota, to an benthic microalgal resource.  Similar results were 
found in another saltmarsh food-web study with nutrient additions.  Specifically, Keats et al. 
(2004) revealed the relative importance of basal resources was altered with relatively short-term 
nutrient enrichment (< 2 months) such that a detritivore switched to herbivory with fertilization.    
Spatial differences in tidal inundation, light levels, sediment chemistry, and availability 
of primary producers as well as differences in feeding strategies and consumer resource 
requirements might explain why only some species changed diets with nutrient additions.  
Interestingly, no epifauna provided evidence for a change in diet with nutrient amendment.  The 
epifauna analyzed are relatively more mobile than infauna; the difference in mobility may allow 
epifauna to move to new resources when current ones are depleted.  Alternatively, relatively 
infrequent tidal inundations in the high intertidal marsh may have dampened nutrient effects 
relative to lower marsh habitats.   
 Although a change in Chl a biomass was not detected in any habitat after 10 weeks of  
nutrient additions (Deegan et al. 2007), the differences in diet with nutrient additions are likely 
attributable to the fast-growing MPB including epipelic diatoms in mudflats and filamentous 
algae and associated epiphytic diatoms in creek wall.  Hillebrand et al. (2000) found that grazers 
removed more algal biomass with nutrient additions in a coastal ecosystem suggesting 
compensatory grazing rates may have prevented detection of increases in algal biomass.  
Alternatively, it is possible that algal biomass as measured by Chl a was equivalent in both 
creeks but community composition of MPB may have been altered by nutrient additions.  In the 
following year after this study, an increase in algal species richness was found in NEC as a result 
of an increase in diatom species (Deegan et al. 2007).  However, no cyanobacteria were found in 
104 
 
the NEC.  It is possible a primary producer community change could have resulted in the diet 
shifts seen in these infaunal species.   
 Few studies have shown bottom-up effects on benthic fauna in the aquatic region of salt 
marshes although such effects have been shown in detritus-based streams and in seagrass 
macrophytes (Cross et al. 2006, Heck et al. 2006).  Worm et al. (2000) found nutrient inputs 
altered the algal community of a coastal ecosystem but grazers counteracted the effects of 
nutrients by selective consumption of new algal species.  In addition, a companion study found 
community shifts in annelids and copepods in creek-wall habitat and increases in reproductive 
indices of copepods in creek-wall and the tall S. alterniflora habitats after 10 weeks of 
fertilization; yet, no numerical change in macroinfauna abundances were found (Fleeger et al. 
2008).  Such diet shifts in infauna without concomitant changes in abundances suggest weak 
bottom-up control in salt marshes.  However, Posey et al. (2002) found increases in individual 
biomass for some infauna with nutrient additions.   Individual biomass of infauna was not 
measured until the end of the third year of nutrient additions in PIE.  At that time, increases in 
biomass were found for M. aestuarina in creek-wall habitat and C. immota in the tall S. 
alterniflora habitat in NEC (Johnson 2008) under the influence of nutrient enrichment.   
Increased growth in these species may have been associated with their diet shift to benthic 
microalgae in fertilized creeks.  The addition of nutrients altered algal δ15N values but did not 
change δ15N values of Spartina spp. resulting in enhanced differences in primary producer 
isotope values in NEC.  Thus, the addition of nutrients behaved similarly to tracer studies where 
enriched isotopes are added to create distinct primary producer isotope values (Hughes et al. 
2000, Tobias et al. 2003, Galván et al. 2008).  As a result, the dietary resolution of the three-
source mixing model increased in NEC after 10 weeks of fertilization.  Similar increases in 
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dietary resolution with alterations in isotope values have also been shown in coastal ecosystems 
receiving sewage effluent (Hadwen and Arthington 2007, Machas et al. 2003).    
 Consumer isotope values shifted in NEC after ten weeks of nutrient additions for two 
reasons.  First, δ13C values changed for some consumers as a result of changes in diet with 
nutrient additions.  Second, δ15N values changed for consumers that utilized algae with an altered 
δ15N value.  Because the three-source mixing model utilized both δ13C and δ15N, changes in 
either isotope value would influence calculated percent primary producer contributions.  
However, due to low dietary resolution in NRC, it was difficult to determine if mixing model 
results were from changes in the diet with nutrient additions or were a result of consumption of 
δ15N-altered algae.  To differentiate between changes in diet and consumption of δ15N-altered 
algae only, I calculated changes in δ13C and δ15N isotope values between NEC and NRC.  There 
was little difference in the δ13C values of S. benedicti, P. litoralis and M. aestuarina (tall S. 
alterniflora and S. patens habitat) between creeks; however, δ15N values differed indicating 
consumption of δ15N-altered algae resulting in better resolution of the diet.  δ13C values of N. 
diversicolor (mudflat habitat), M. aestuarina (creek-wall habitat) and C. immota (creek-wall and 
tall S. alterniflora habitat) differed between creeks (>2‰) indicating changes in primary 
producer contributions with nutrient additions (Figures 3.4 and 3.5).  Yet, due to low resolution 
of dietary contributions with both mixing models in NRC (baseline samples), changes in percent 
primary producer contributions were only corroborated for M. aestuarina (creek-wall habitat) 
and C. immota (creek-wall habitat).  The three-source mixing model indicated phytoplankton and 
S. alterniflora contributed a minimum of 40% to the diet of M. aestuarina and C. immota 
respectively in creek-wall habitat of NRC.  However, after 10 weeks of nutrient additions 
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epiphytic diatoms contributed approximately 50% to the diet of M. aestuarina and > 80% of the 
diet of C. immota in the nutrient enrichment creek (Figure 3.7).   
 In some cases, results from IsoSource corroborated results from the three-source model.  
However, unlike the three-source model, changes in diet with nutrient additions could not be 
resolved with IsoSource.  Instead, IsoSource yielded large, ambiguous ranges of resource 
contributions that added little to the overall understanding of the saltmarsh food web.  
Furthermore, for smaller, less mobile consumers such as infauna, a three-source mixing model 
may be more suitable than a model that includes all primary producers (e.g., IsoSource).  
Specifically, the size of infauna investigated in this study restricts the number of available food 
resources.  Excluding N. diversicolor, all infauna analyzed were less than 1 mm in length.  
Filamentous algae were too large for infauna to consume and annelids lack the specialized mouth 
parts needed to shred such a resource.  Furthermore, the relatively low mobility of infauna 
restricts diets to local resources or resources brought in with the tide.  Because filamentous algae 
and associated epiphytes were not found in mudflats but were restricted to the creek wall and the 
high intertidal marsh, it is likely that neither of these resources contributed to the diet of infauna 
from the mudflat habitat.  Finally, gut content analysis confirmed consumption of the three 
resources included in the three-source model and did not indicate the mixing model was deficient 
in any resource.  
 Benthic fauna are an abundant feature of salt marshes and can be found across the tidal 
gradient from creek habitats to the vegetated high marsh.  As herbivores, benthic fauna connect 
higher trophic levels to basal resources.  The relatively low, maximum contributions of Spartina 
spp. to the benthic food web indicate a lesser role for Spartina spp. in food web energy flow than 
historically thought.  Instead, algal resources, including phytoplankton, epipelic and epiphytic 
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diatoms played the most substantial role as basal food web support.  However, the dietary 
importance of Spartina detritus may increase at other times of the year.  In this study there is 
evidence that nutrient additions facilitated a change in the diet of C. immota from macrophytes to 
epiphytic algae.  C. immota is the most abundant annelid species in these saltmarsh creeks 
comprising 33% of all annelids (Johnson 2008).  This strongly suggests that anthropogenic 
nutrient inputs have the potential to increase the relative importance of algae to primary 
consumers and ultimately higher trophic levels.  This alteration may result from a nutrient 
associated increase in the biomass and nutritional quality of algal resources relative to 
macrophytes.   In addition, there could be a switch within algal resources from tidal resources 
(e.g., phytoplankton) to local sediment associated algae including epipelic and epiphytic 
microalgae as was found in this study for N. diveriscolor and M. estuarina.   In the long-term, 
these changes could fundamentally alter food web structure by changing saltmarsh species 
composition and linkages between primary producers and higher trophic levels.  
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STABLE ISOTOPES (13C and 15N) REVEAL TRAIT-MEDIATED TOP-DOWN 
CONTROL ON THE GRASS SHRIMP, PALAEMONETES PUGIO 
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INTRODUCTION 
 Through worldwide exploitation of key predators (e.g., overfishing) and eutrophication, 
humans may alter top-down (consumer) and bottom-up (nutrient) control over aquatic 
community structure in multiple ways.  First, anthropogenic nutrient inputs may alter the 
composition or productivity of the primary producer community.  For instance, nutrients may 
stimulate opportunistic, but less nutritious and potentially toxic primary producers, such as 
cyanobacteria; cyanobacteria are characteristic of eutrophic ecosystems (Anderson et al. 2002, 
Sullivan and Currin 2000).  Such changes in the primary producer community may affect aquatic 
food webs because some consumers selectively ingest species or groups of primary producers 
(Hagerthey et al. 2002, DiTullio and Smith 1996) and as a result, may experience changes in 
fitness or relative abundance with nutrient additions.  Second, predator reduction/removal may 
alter trophic interactions and indirectly affect lower trophic levels (e.g., Mowitt et al. 2006, 
Frank et al. 2005, Silliman and Bertness 2002).   
 The extent of both natural and anthropogenic controls on community structure is 
dependent on the complexity of food webs (linear vs. reticulate) and strength of species 
interactions (Borer et al. 2005, Sala and Graham 2002).  For example, strong species interactions 
are often characteristic of ecosystems with simple, linear food webs, and removal of predators in 
these systems can indirectly affect lower, non-adjacent trophic levels through a release in prey 
suppression (i.e., a trophic cascade).  Trophic cascades are typically found in ecosystems with 
food webs that exhibit some combination of the following characteristics:  structural simplicity, 
small spatial scale, low species diversity, distinct separation in body size among biota in adjacent 
trophic levels or algal-based food webs (Strong 1992, Shurin et al. 2002).  In more complex food 
webs (reticulate), top-down effects are relatively less understood and may be limited by factors 
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that can cause weak species interactions such as omnivory, intermediate predators and 
cannibalism (Thompson et al. 2007, Finke and Denno 2005).  Weak species interactions may 
also limit bottom-up effects.  Increased primary production from nutrient inputs may increase 
diversity and individual biomass of higher trophic levels but only when herbivore-plant 
interactions are strong (Borer et al. 2005 and references therein).  Thus, our understanding of 
top-down and bottom-up effects on community structure is limited in systems with complex 
interactions and is further complicated by anthropogenic effects such as nutrient inputs and 
exploitation of key predators.      
 Although aquatic food webs are often thought to be simple compared to their terrestrial 
counterparts (e.g., in lakes; Strong 1992), the aquatic compartment of saltmarsh food webs has 
substantial trophic complexity (Posey and Hines 1991).  The killifish, Fundulus heteroclitus and 
the grass shrimp, Palaemonetes pugio are abundant omnivores found in salt marshes along the 
Atlantic coast of the United States.  Both F. heteroclitus and P. pugio are important omnivorous 
consumers of small benthic infauna, including annelids and small crustaceans, as well as plant 
and algal material (Walters et al. 1996, Cross and Stiven 1999, Kneib 1997, Kneib 1986; 
Quiñones-Rivera and Fleeger 2005, Fleeger et al. 1999, Gregg et al. 1998).   Many studies have 
suggested the existence of complex, size-dependent interactions between F. heteroclitus and P. 
pugio (Carson and Merchant 2007, Kunz et al. 2006, Cross and Stiven 1999, Kneib 1987, Kneib 
and Stiven 1982).  Specifically, large (>50 mm) F. heteroclitus consume small conspecifics (i.e., 
cannibalism) and consume and compete with P. pugio for food resources (i.e. intraguild 
predation, IGP).  A release in prey suppression of P. pugio has been hypothesized to follow a 
reduction or removal of large F. heteroclitus (Posey and Hines 1991, Kneib and Stiven 1982).  
Top-down control by large F. heteroclitus may be exerted by direct lethal changes in density or 
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by changes in shrimp and small F. heteroclitus behavior.  Changes in prey behavior in response 
to the presence/absence of predators are known as trait-mediated effects and may include a 
change in diet and/or the use of the landscape as refuge or foraging territory.  Kunz et al. (2006) 
and Carson and Merchant (2005) concluded that P. pugio reduce swimming time, form groups 
and seek refuge in the presence of large F. heteroclitus.  Fewer studies of effects of large F. 
heteroclitus on small F. heteroclitus have been conducted but Cross and Stiven (1999) suggest 
that the diets of juvenile F. heteroclitus and P. pugio may both be influenced by predator 
avoidance behavior.  Such behavioral changes may propagate through the food web such that the 
threat of predation could result in a behavior-mediated trophic cascade (Schmitz et al. 2007, 
Beckerman et al. 1997).  Thus, behavioral changes in the diet of P. pugio and small F. 
heteroclitus may influence prey suppression due to changes in shrimp and small F. heteroclitus 
foraging time or a change in diet in the presence of predators.       
  In this study, I employed natural abundance stable isotopes (δ13C and δ15N) to determine 
the influence of anthropogenic effects on a saltmarsh food web.  Specifically, the trophic 
continuum (i.e., trophic position in terms of the number of steps from primary producers) of 
intermediate predators, P. pugio and small F. heteroclitus, was examined with (1) a reduction of 
large F. heteroclitus and (2) increases in nutrient input.  The mud snail, Ilyanasa obseleta, was 
also analyzed from the same creeks.  I. obsoleta has an isotopic composition similar to P. pugio 
but is not consumed by F. heteroclitus.  Thus, it was used as a control for environmental 
variation in isotope measurements not associated with predation.  Previous studies have used 
indirect measures such as changes in prey abundance to address changes in trophic structure with 
removal of F. heteroclitus (Posey and Hines 1991).  To my knowledge, this study is the first to 
use direct measures of resource use (i.e., stable isotopes) to address changes in trophic structure 
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with the experimental removal of a key predator.  My null hypothesis was that the diets of P. 
pugio and small F. heteroclitus would not change with a reduction of F. heteroclitus abundance 
or with nutrient additions.  
MATERIALS AND METHODS 
Study Site.  This study was a part of a large, multidisciplinary experiment described by Deegan 
et al. (2007) that addresses the effects of ecosystem-wide nutrient loading and key fish reduction 
conducted in tidal creeks within the Plum Island Estuary (PIE), Massachusetts, USA (42˚44'N, 
70˚52'W).  Within the PIE, two bifurcating creeks, Sweeney and West Creek, with roughly 
similar watershed size and equal-sized branches were used to simultaneously address top-down 
and bottom-up controls (Figure 4.1; Deegan et al. 2007).  Approximately 150 m seaward of the 
confluence in Sweeney creek, NO3- and PO4-3, with a target value of 70 µm/L and 4 µm/L 
respectively were added to the water column with each incoming tide.  Nutrient loading to 
Sweeney Creek was 10 X background nutrient loads.  Hereafter Sweeney Creek will be referred 
to as nutrient enrichment creek (NEC).  West Creek served as a control and will be referred to as 
nutrient reference creek (NRC).  Pre-treatment nutrients were low in both creeks (< 5 µM NO3- ; 
~1 µM PO43-).  Background δ15N values for NO3- were ~-2.0‰; δ15N of NO3- in fertilizer was 
~0.0‰.  In order to reduce F. heteroclitus abundances, a vexar (6.4 mm mesh) block net was 
positioned across the right branch of both NRC and NEC.  Hereafter the left branch of each creek 
will be referred to as ambient fish branch and the right will be referred to as fish reduction 
branch.  Nutrient additions and fish reductions began mid-May of 2004 and ran approximately 
150 days through October 2004.  Experimental manipulations continued in the growing seasons  
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marsh, gently-sloped mudflats are aerially exposed.  Salinities at the experimental sites at the 
time of the experiment ranged from 8 to 28‰.  The estuary experiences semi-diurnal tides with 
approximate 3 m tidal amplitude.   
 PIE has relatively reduced consumer species diversity compared to more southerly 
marshes.  For example, the blue crab, Callinectus sapidus, the marsh periwinkle, Littoraria 
irrorata and bottom-feeding fishes in the family Sciaenidae are not found in this salt marsh.  
Nekton and other marsh consumers include but are not limited to F. heteroclitus, Menidia 
menidia, P. pugio, the ribbed mussel, Geukensia demissa, the mud snail, Ilyanasa obsoleta and 
the green crab, Carcinus maenas.  Macroinfauna in PIE are distributed similarly among creeks 
and consist mostly of annelids (Johnson et al. 2007).  The infauna community is dominated by 
subsurface deposit-feeding oligochaetes including Paranais litoralis and Cernosvitoviella 
immota as well as the surface-deposit and suspension feeding polychaetes, Streblospio benedicti, 
Manayunkia aestuarina and the nereid polychaete Nereis diversicolor (Johnson et al. 2007, 
Fleeger et al. 2008).     
Collections.  Organisms were collected from both branches of NRC and NEC in May and 
August of 2004.  Leaves of S. alterniflora, S. patens and filamentous algae were collected by 
hand.  Macrophytes were cleaned free of any foreign debris and rinsed with distilled water.  
Filamentous algae collected from the vertical creek wall was sonicated to remove epiphytes and 
rinsed with distilled water.  For suspended particulate organic matter (SPOM) collections, 
multiple 1-L Nalgene bottles were submerged in the water column at high tide at the confluence 
of both creeks.  SPOM samples were rinsed through a 500- and 63-µm sieve.  The fraction 
retained on the 63-µm sieve and the fraction that went through the 63-µm sieve was examined 
microscopically.  The portion of sample < 63-µm visually contained the majority of 
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phytoplankton with fewer zooplankton and was therefore used as a proxy for phytoplankton.  
Two bottles were pooled for each replicate.  After filtration on pre-combusted, 0.7-µm Whatman, 
glass fiber filters for isotope analysis, sieved SPOM was used as a proxy for phytoplankton.  
Epipelic or migrating diatoms served as a proxy for MPB and were collected from mudflats 
using 125-µm nitex mesh (15.2 cm2 in area).  Nitex was placed directly on exposed mudflats, 
moistened with filtered seawater and air bubbles were removed by smoothing by hand.  Nitex 
was retrieved after 1 h.  In the laboratory, samples were repeatedly decanted to separate detrital 
and sediment particles from microalgae to achieve a more purified diatom sample.  Samples 
were filtered on pre-combusted, 0.7-µm Whatman, glass fiber filters for isotope analysis.  The 
number of replicate samples analyzed for stable isotopes varied among primary producers for 
each collection.  For SPOM, two samples, each consisting of 2 pooled water collections, were 
analyzed within each creek.  For MPB and filamentous algae, two samples were analyzed per 
branch for a total of 4 samples per creek.   
 F. heteroclitus were collected in all creeks and branches for each collection using 
minnow traps.  Multiple minnow traps were placed roughly 50 m apart in the bottom of each 
creek branch for approximately 1 h (over a total distance of ~200 m).  From those collected, F. 
heteroclitus were separated in to small (< 40 mm) and large size classes (> 70 mm).  The livers 
from five to seven fish were dissected and pooled for each isotope sample to estimate average 
isotope composition in each creek branch.  Pinnegar and Polunin (1999) found no statistical 
difference in δ13C values for lipid extracted and unextracted fish livers.  However, as a 
precaution, fish livers in this study were treated with hexane to extract lipids following Fry et al. 
(2003).  Four to five pooled fish samples per branch were analyzed for stable isotopes.  Gut 
content analysis was conducted under a dissecting microscope on the same F. heteroclitus used 
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for isotope analysis.  The frequency of occurrence of common prey items found was calculated 
for a total of 280 small and 160 large F. heteroclitus collected at the start of manipulations and 
after 10 weeks of treatments.   
 Both P. pugio and I. oboleta were also collected from the same creeks for isotope 
analysis.  Size of specimens used for isotope analysis ranged from 30-40 mm for grass shrimp.    
P. pugio were collected in minnow traps simultaneously with F. heteroclitus and abdominal 
muscle (with the exoskeleton removed) was used for isotope analysis.  Five to ten shrimp 
abdomens were pooled per isotope sample; five pooled samples were analyzed per branch.  I. 
obsoleta was collected from mudflats by hand.  Four to five pooled samples of I. obsoleta were 
analyzed per branch.  All tissues were rinsed with distilled water, dried at 70˚ C for at least 24 h 
and homogenized.  All organisms except macrophytes were fixed in 5% formalin and stored for a 
maximum of 3.5 years.  Kaehler and Pakhomov (2001) found no change in δ15N values with 
preservation in formalin for marine organisms.  Samples for isotope analysis were not acidified 
but were cleaned free of external sediment.       
 Of the three species studied, only mud snails were essentially confined to the manipulated 
areas.  Some unknown fraction of killifish and grass shrimp population remained in pools within 
the creek system during low tide, while some moved with the tide to areas downstream that 
remain flooded.   Killifish are well known to have high fidelity to specific creeks (Sweeney et al. 
1998) and thus may return to nutrient enriched creeks with each tide.  Because of the block net, 
some large killifish were constrained to fish reduction branch except for spring tides when some 
move in and others may move out.  Grass shrimp of all sizes probably move through the block 
net with impunity.  Presumably the same fraction of individuals migrates to and from the creek 
branch of interest with each treatment.  However, killifish and grass shrimp that leave creek 
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branches with the tide may forage in areas not influenced by nutrient additions.  All species were 
sampled within creek branches approximately 200 to 400 m landward of point of nutrient 
additions. 
Mass Spectrometry.  Samples were analyzed in the Colorado Plateau Stable Isotope Laboratory, 
the University of California, Davis Isotope Facility and at Louisiana State University using 
elemental analyzer-stable isotope ratio mass spectrometer systems (EA-IRMS systems).  
Samples were reported relative to the standards, atmospheric N2 and Vienna Pee Dee Belemnite 
(VPDB) carbon.  Stable isotope values are reported in δ notation: 
δ13C or δ15N = [(Rsample/Rstandard) – 1] × 103 
where R is respectively 13C/12C or 15N/14N.   
Trophic Enrichment Factors and Trophic Continuum Calculations.  Generally, consumer 
natural abundance stable isotope values differ predictably from their food source values.  This 
difference, fractionation or trophic enrichment factor (TEF = δconsumer – δfood source), can be used to 
determine the trophic continuum/level and basal resource contributions to the food web, where 
the latter involves the use of stable isotope models.  Because it was not the goal of this study to 
determine specific resource contributions, mixing models were not used.  Instead, I ran a best fit 
regression line through primary producer isotope values for each creek branch at the start of 
manipulations and 10 weeks after to determine trophic continuums for each consumer sample.  
For each consumer δ13C value, I determined the δ15N of its basal resource using the best fit line.  
I then used the δ15N of the basal resource in the following equation to determine trophic 
continuums for each pooled F. heteroclitus, P. pugio and I. obsoleta sample:   
Trophic continuum=1 + (δ15Nconsumer - δ15Nplant)/3 
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where 3 (‰) is the TEF between discrete trophic continuums.  For δ15N, many studies use an 
average TEF of 3.4‰ (Minagawa & Wada 1984); however, Vanderklift & Ponsard (2003) and 
McCutchan et al. (2003) reported relatively smaller (< 3.4‰) 15N TEFs for marine organisms, 
detritivores and invertebrates.  Based on Fry (2006), I chose a δ15N TEF of 3.0‰.   
Statistical Analysis.  Because primary producers differed between locations, isotope ratios could 
not directly be used to compare the effects of treatments among branches and creeks.  Instead, 
δ15N isotope values from individual pooled consumer samples were converted to trophic 
continuums (see above).  Trophic continuums, non-discrete versions of trophic levels, of F. 
heteroclitus, P. pugio and I. obsoleta were compared between all branches of both NRC and 
NEC at the start of manipulations in one-way ANOVAs.  In addition, comparisons were made 
between trophic continuums of all four consumers at the start of the manipulations and after 10 
weeks of manipulations in NRC only using one-way ANOVAs.  Temporal differences in trophic 
continuums were determined from the ambient fish branch only of NRC at the start of 
manipulations and after 10 weeks of manipulations using t-tests.  Differences in trophic 
continuums with fish reduction were determined using t-tests for NRC only after 10 weeks of 
treatments.  The aforementioned statistical analyses were conducted using SigmaStat software.  
Multivariate community analyses were used to determine differences between and among the 
frequency of gut contents in both size classes of F. heteroclitus with nutrient and fish treatments.  
Specifically, Analysis of Similarity (ANOSIM) was conducted using  PRIMER 6 with a 
presence/absence transformation in which, each individual fish gut represented a community  
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with various food items.  Significantly different results from ANOSIM were further analyzed 
using SIMPER to determine what food item contributed most to dissimilarities.   
RESULTS 
Nutrient Enrichment and Fish Reduction.  In the NEC, nutrients increased to an annual mean 
of 70 µmol of NO3-/L and 5.1 µmol PO43-/L, an increase approximately 15 times that of 
background nutrient values and an approximate 10 x increase in nutrient loadings (see Deegan et 
al. 2007).  The fertilizer added had an δ15N value of ~0‰; background DIN δ15N value was ~-
2.1‰.  In the fish reduction branch of both NRC and NEC, F. heteroclitus were reduced overall 
by ~60% compared to ambient fish branches.  However, smaller F. heteroclitus were not as 
easily detained by minnow traps or the exclusion compared to their larger counterparts.  As a 
result, larger F. heteroclitus (> 40 mm) were preferentially excluded (80%) over smaller F. 
heteroclitus (40%).      
Grass Shrimp.  Abundances of P. pugio changed seasonally with peak abundances in the fall 
(Deegan et al. 2007).  Shrimp abundances did not differ among nutrient and fish treatments and 
no direct top-down control over P. pugio by F. heteroclitus was indicated.  However, P. pugio 
size structure was influenced by F. heteroclitus reductions.  The proportion of adult P. pugio 
increased with fish reductions (Johnson 2008), probably as a function of increased growth rate. 
Killifish Gut Contents.  A variety of organisms including infauna, epifauna, zooplankton and 
algae were found in the gut contents of both large and small F. heteroclitus (Table 4.1).  Empty 
guts were more common in small F. heteroclitus but were relatively rare overall, ranging from 0 
to ~6% of the fish collected.  Debris, consisting of plant detritus and unidentifiable matter, was 
common and found in all fish examined.  The frequency of occurrence of prey in gut contents 
varied among killifish size classes (Table 4.1 and 4.2).  Food items found in gut contents 
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generally overlapped between small and large F. heteroclitus.  However, shrimp and small 
killifish were consumed only by large killifish which lead to significant differences (p=0.001) in 
diet similarity between the two size classes (Table 4.1 and 4.2).  SIMPER indicated that the 
frequency of P. pugio in the guts contributed most to differences in similarity.   
Small Killifish.  At the start of manipulations, the most frequent food items found in gut 
contents of small F. heteroclitus besides debris were benthic and pelagic copepods and benthic 
diatoms at 43.6%, 32.1% and 29.3% respectively.  After 10 weeks of nutrient additions, these 
organisms remained the most frequent consumers found in gut contents although frequencies 
varied slightly (from 45.7% to 71.4% for benthic copepods, 28.6% to 42.9% for pelagic 
copepods and 11.4% to 25.7% for benthic diatoms).  Benthic diatoms always were found more 
frequently in gut contents of small killifish relative to large killifish.  Amphipods were found 
more frequently after 10 weeks of treatments and were primarily from the family Gammaridae.  
The frequency of filamentous algae in gut contents was relatively similar at the start of 
manipulations (17.9%) and after 10 weeks of nutrient additions (11.4% to 25.7%) and was 
generally lower in small F. heteroclitus relative to their larger counterparts.  Unlike large F. 
heteroclitus, grass shrimp and killifish were not found in gut contents of small F. heteroclitus 
regardless of branch, creek or month.  Although no differences in diet similarities were found 
between fish reduction and nutrient enrichment treatments for small F. heteroclitus (ANOSIM; 
p=0.749 for nutrient treatments; p=0.682 for fish treatments; Table 4.2), benthic and pelagic 
copepods were found more frequently in the gut contents of small F. heteroclitus from the 
ambient fish branch of NEC (Table 4.2).   
Large killifish.  At the start of manipulations, the most common identifiable consumers in the 
gut contents of large killifish were benthic and pelagic copepods at 51.3% and 38.8%
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Table 4.1.  Mean percent frequency of occurrence (± sd) of organisms in the gut contents of 280 small and 160 large F. heteroclitus 
from both branches of reference nutrient (NRC) and nutrient enrichment creek (NEC) in May and August of 2004.  Abbreviations 
include ambient fish branch (AF), fish reduction branch (FR), small (Sm.), filamentous algae (Filam. algae), pennate diatoms (Pennate 
diat.).  Average lengths are means and standard deviation.     
    F. heteroclitus < 40 mm  F. heteroclitus > 70 mm 
 
Start of 
treatments 
NRC NEC  
Start of 
treatmen
ts 
 NRC NEC 
 AF FR AF FR AF FR AF FR 
Food item 
After 10 weeks of treatments After 10 weeks of treatments 
average length 
(mm) 34.9 ± 2.2     
72.6 ± 
1.8     
           
Empty 2.9 2.9 5.7 5.7 0.0 1.3 0.0 0.0 0.0 0.0 
Debris 61.4 51.4 51.4 20.0 45.7 62.5 75.0 65.0 45.0 55.0 
Filam. algae 17.9 11.4 25.7 14.2 14.3 38.8 30.0 30.0 20.0 15.0 
Pennate diat. 29.3 25.7 11.4 20.0 20.0 10.0 10.0 5.0 0.0 0.0 
Sm. F. 
heteroclitus 0.0 0.0 0.0 0.0 0.0 20.0 10.0 25.0 10.0 20.0 
P. pugio 0.0 0.0 0.0 0.0 0.0 32.5 65.0 60.0 60.0 55.0 
Amphipods 8.6 22.9 22.9 17.1 8.6 11.3 30.0 15.0 30.0 20.0 
Benthic cope. 43.6 51.4 45.7 71.4 45.7 51.3 45 40.0 40.0 35.0 
Pelagic cope. 32.1 28.6 34.3 42.9 20.0 38.8 25 25.0 30.0 50.0 
Nereis 
diversicolor (P) 6.4 5.7 8.6 5.7 8.6 17.5 15.0 5.0 10.0 15.0 
Annelid setae  7.1 5.7 5.7 5.7 8.6 0.0 0.0 5.0 0.0 0.0 
           
Foraminifera 3.6 8.6 11.4 0.0 2.9 7.5 0.0 5.0 0.0 0.0 
Hydrobia spp. 6.4 2.9 2.9 5.7 2.9 8.8 25.0 10.0 25.0 25.0 
Insects 7.1 0.0 5.7 2.9 5.7 10.0 0.0 5.0 0.0 0.0 
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respectively.  Grass shrimp (32.5%), small killifish (20%) and gammarid amphipods (11.3%) 
were found less frequently than copepods; however, differences in mass between copepods and 
nekton and epifauna suggest grass shrimp, small killifish and amphipods were most important to 
the diet of large F. heteroclitus.  After 10 weeks of treatments, the frequency of P. pugio 
increased to ~60% regardless of branch or creek.  The frequency of small conspecifics in the gut 
contents of large F. heteroclitus slightly decreased to ~15% after 10 weeks.  Filamentous algae 
were more frequently found at the start of manipulations at 38.8%.  Benthic diatoms were not 
found in the guts of large F. heteroclitus from NEC after 10 weeks of nutrient additions (Table 
4.1).  
Table 4.2.  Analysis of similarity (ANOSIM) of gut content data from large and small F. 
heteroclitus in predator removal experiments.  Presence/absence transformations were utilized.  
Dissimilarity analysis (Simper) was utilized when significant differences were found (p <0.05).  
Significant differences are indicated below with asterisks (*).     
 
Analyzed 
 
Analysis 
 
p value 
 
Simper Dissimilarity 
Size classes of F. heteroclitus One-way ANOSIM 0.001* Shrimp 13.82% 
Small F. heteroclitus Two-way ANOSIM 0.749 (Creeks) 
0.682 (Branches)  
 
Large F. heteroclitus Two-way ANOSIM 0.001* (Creeks) 
0.001* (Branches) 
Shrimp 11.19% (Creeks) 
Shrimp 11.04% (Branches) 
 
 Among large F. heteroclitus gut contents, significant differences in diet similarities were 
found for nutrient treatments (p=0.001) and fish treatments (p=0.001) in August (Table 4.2).  In 
both cases, highest percent dissimilarities were due to shrimp at 11.2% and 11.0% for nutrient 
and fish treatments respectively.  After 10 weeks of treatments, gut content similarities between 
small and large F. heteroclitus differed (p=0.001) with highest percent contribution to 
differences in dissimilarity attributed to P. pugio at 13.8%.   
Stable Isotopes at the Start of Manipulations.  Mean δ13C values for primary producers 
including SPOM, filamentous algae and MPB ranged from -21.6 to -18.0‰.  Although algal 
127 
 
δ13C values did not readily separate out into distinct groupings within creeks, algae differed only 
slightly between branches of NRC and NEC (Table 4.3).  Mean δ15N differences between 
primary producers in the two creeks were primarily due to SPOM:  SPOM, was 9.8‰ in NRC 
compared to 8.9‰ in NEC; filamentous algae δ15N was as 6.0‰ in NRC compared to 6.4‰ in 
NEC and MPB was 6.8‰ in NRC compared to 6.4‰ in NEC.  δ13C values for P. pugio and I. 
obsoleta were slightly higher relative to F. heteroclitus; δ13C values for these consumers indicate 
that filamentous algae and MPB may be important basal resources (Figure 4.2).  However, 
Spartina spp. has relatively high δ13C values (~ -13.5‰) compared to other salt marsh primary 
producers (Galván et al. 2008) and thus basal resources could include a mixture of phytoplankton 
and S. alterniflora.  δ15N values were similar for small and large F. heteroclitus and were 
generally higher than P. pugio and I. obsoleta (Table 4.3).  
δ15N isotope values were converted to trophic continuums (France et al. 1998) for all 
consumers within each branch of both creeks.  Ideally, trophic continuums for primary producers 
should be one and the value should increase by one for each trophic step (e.g., herbivores should 
be 2).  However, because precise TEFs were not known, trophic continuums in this study are 
used only as a relative index to facilitate comparisons between and among individual species.  
Killifish trophic continuum values were higher than the other consumers examined, suggesting 
that killifish are slightly more carnivorous than grass shrimp or mud snails (Table 4.3, Figure 
4.2).   Consumer trophic continuums did not differ statistically between branches or between 
consumers (Table 4.4, Figure 4.3).   
Stable Isotopes after 10 Weeks of Treatments.  There was no evidence for a temporal shift in 
stable isotope values over the 10 week experiment for any of the consumers studied in the 
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ambient fish branch of NRC (Table 4.3, Figures 4.4 through 4.7).  δ15N isotope values of small 
and large F. heteroclitus and I. obsoleta changed very little between fish treatments in NRC 
(<1‰; figures 4.8, 4.9 and 4.11).  However, 2 of the 5 pooled samples of P. pugio had relatively 
higher δ15N values (~2‰) in the fish reduction branch of NRC (Table 4.3; Figure 4.10).  
Similarly, δ15N values of 3 of the 5 pooled grass shrimp samples increased (~2‰) in the fish 
reduction branch in NEC compared to other samples.  The δ15N isotope values for algae in NEC 
decreased after 10 weeks of nutrient additions by ~3.5‰ for SPOM, filamentous algae and MPB 
(Table 4.3).  Additionally, mean δ15N values for algae were approximately ~3.5‰ lower in NEC 
compared to NRC.   
 δ15N isotope values were converted to trophic continuums for all consumers within each 
branch of both creeks after 10 weeks of treatments (Figure 4.12).  Trophic continuums did not 
significantly differ between branches (ambient fish or fish reduction) at the start of the 
manipulations for any consumer or after 10 weeks of fish treatments (p=0.389).  However, after 
10 weeks of treatments P. pugio trophic continuums were 2.1 ± 0.5 in the fish reduction branch 
of the NRC and 1.6 ± 0.3 in the ambient fish branch of the NRC.  Given the narrow range of 
variation in trophic continuums of grass shrimp in collections before manipulations began and in 
the creek branch without fish reduction, this suggests that some individual grass shrimp were 
more carnivorous when killifish abundance was reduced.  Trophic continuums differed 
marginally (t-test, p=0.076) between the ambient fish branch and fish reduction branch of NRC.  
In addition, mean trophic continuums for P. pugio were higher in the fish reduction branch of 
both creeks regardless of nutrient level (Table 4.4).  Trophic continuums averaged 2.3 ± 0.5 
and2.5 ± 0.9 in NEC for the ambient fish branch and fish reduction branch respectively, but were  
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Table 4.3.  δ13C and δ15N isotope values of suspended particulate organic matter (SPOM), filamentous algae (FA), microphytobenthos 
(MPB), large Fundulus heteroclitus, small F. heteroclitus, Palaemonetes pugio and I. obsoleta from both branches of nutrient and 
control creek in May and August.  Values reported are means ± standard deviations.   Abbrevitions include ambient (Amb.) and 
reduction (Red.)  
 
 
Organism 
 
Nutrient Reference Creek 
 
Nutrient Enrichment Creek 
Start of treatments 
SPOM 
                 δ13C                         δ15N                          
             -21.3±1.4                   9.8±1.8  
               δ13C                             δ15N   
            -21.6±1.7                       8.9±2.9            
   
    Amb. Fish Branch             Fish Red. Branch 
    δ13C            δ15N               δ13C           δ15N 
Amb. Fish Branch        Fish Red. Branch 
    δ13C           δ15N             δ13C        δ15N 
FA -19.1±1.4 5.5±1.8 -18.5±1.2 6.6±0.4 -18.7±0.4 6.2±0.7 -19.9±1.3 6.1±0.6 
MPB  -20.1±1.6 6.9±0.9 -18.0±1.3 6.7±1.2 -18.7±0.3 6.6±0.1 -19.6±3.0 6.2±0.4 
large F. heteroclitus  -20.0±0.8 9.8±0.8 -19.6±0.9 9.8±0.6 -20.0±0.7 9.2±0.9 -19.5±0.8 9.4±0.7 
small F. heteroclitus -19.8±0.3 9.9±0.6 -19.8±0.8 9.9±0.4 -20.2±0.3 9.3±0.7 -20.1±0.3 9.7±0.4 
P. pugio -18.3±0.9 8.4±0.6 -17.8±0.4 8.7±0.6 -17.6±0.8 8.3±0.7 -18.4±0.7 8.9±0.4 
I. obsoleta -17.4±0.3 8.9±0.2 -18.0±0.5 8.6±0.7 -17.8±0.6 8.8±0.4 -17.6±0.6 8.8±0.3 
      
10 weeks of 
treatments 
SPOM 
                 δ13C                         δ15N                          
              -23.3±1.9                  9.7±2.3 
               δ13C                             δ15N   
            -23.8±1.3                       7.0±1.3            
   
 
   Amb. Fish Branch           Fish Red. Branch 
    δ13C            δ15N               δ13C           δ15N 
   Amb. Fish Branch       Fish Red. Branch 
    δ13C           δ15N              δ13C        δ15N 
FA -19.8±2.7 6.1±2.1 -19.3±0.5 6.1±1.0 -19.8±1.9 2.0±1.5 -19.1±0.6 3.7±0.8 
MPB -18.4±1.3 6.6±0.3 -19.5±0.0 7.0±1.0 -19.6±2.8 1.8±1.2 -21.8±1.5 3.2±1.1 
large F. heteroclitus  -18.9±1.8 9.6±0.8 -18.7±1.6 9.8±0.6 -17.9±1.7 9.0±0.8 -20.0±0.4 9.4±0.3 
small F. heteroclitus -20.0±1.0 9.6±0.4 -19.5±0.6 9.8±0.8 -18.8±1.5 8.0±1.3 -17.8±2.4 7.6±1.3 
P. pugio -17.5±0.5 9.3±0.5 -19.1±0.9 10.4±2.1 -18.1±1.3 7.9±0.3 -18.5±1.6 9.7±2.7 
I. obsoleta -17.9±0.3 8.8±0.3 -17.8±0.9 9.1±0.4 -16.8±0.2 8.6±0.2 -16.9±0.6 8.5±0.1 
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Figure 4.2.  Dual plot of natural abundance stable isotopes (δ13C and δ15N) of organisms at the 
start of nutrient addition and fish reduction treatments.  For SPOM (suspended particulate 
organic matter), FA (filamentous algae) and MPB (microphytobenthos) values reported are 
means ± standard deviations.  For consumers, each value represents isotope analysis of 5-10 
pooled individuals.  The symbol for small F. heteroclitus are black triangles, white triangles 
outlined in black for large F. heteroclitus, grey triangles outlined in black for P. pugio and all 
grey triangles for I. obsoleta.    
 
Table 4.4.  Summary table of p values comparing trophic continuum of large F. heteroclitus, 
small F. heteroclitus, P. pugio and I. obsoleta.  Temporal effects were tested in ambient fish 
branch of NRC only.  Fish treatment effects were tested in NRC only.  A 3‰ TEF was used to 
determine trophic continuums.   
Organism 
One-Way ANOVA 
All Branches 
Start of 
manipulations 
Between consumer 
comparisons 
Start of man.        10 weeks  
 
t-test 
Temporal 
 
t-test 
Fish 
Manipulations 
        
Large F. heteroclitus 0.696 0.112 0.0937  0.758  0.865 
Small F. heteroclitus 0.181 0.0879 0.0826  0.087  0.251 
P. pugio 0.389 0.0893 0.112  0.273  0.076 
I. obsoleta 0.258 0.177 0.0828  0.554  0.115 
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Figure 4.3.  Trophic continuums for large F. heteroclitus, small F. heteroclitus, P. pugio and I. 
obsoleta in a) nutrient reference creek at the start of manipulations and b) nutrient enrichment 
creek at the start of manipulations.  All values reported are means and standard deviations.   
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Figure 4.4.  δ15N and δ13C values of large F. heteroclitus and primary producer from the ambient 
fish branch of NRC from, a) at the start of manipulations and b) after 10 weeks of manipulations.  
Each consumer data point is a composite sample of 5-10 fish.  Primary producer values are 
means.  Abbreviations include nutrient reference creek (NRC), ambient fish branch (AF), 
suspended particulate organic matter (SPOM), microphytobenthos (MPB), filamentous algae 
(FA), Tall S. alterniflora (TSA).  
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Figure 4.5.  δ15N and δ13C values of small F. heteroclitus and primary producer from the ambient 
fish branch of NRC from, a) at the start of manipulations and b) after 10 weeks of manipulations. 
Each consumer data point is a composite sample of 5-10 fish.  Primary producer values are 
means.  Abbreviations include nutrient reference creek (NRC), ambient fish branch (AF), 
suspended particulate organic matter (SPOM), microphytobenthos (MPB), filamentous algae 
(FA), Tall S. alterniflora (TSA).  
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Figure 4.6.  δ15N and δ13C values of P. pugio and primary producer from the ambient fish branch 
of NRC from, a) at the start of manipulations and b) after 10 weeks of manipulations. Each 
consumer data point is a composite sample of 5-10 shrimp.  Primary producer values are means.  
Abbreviations include nutrient reference creek (NRC), ambient fish branch (AF), suspended 
particulate organic matter (SPOM), microphytobenthos (MPB), filamentous algae (FA), Tall S. 
alterniflora (TSA).  
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Figure 4.7. 15N and δ13C values of I. obsoleta and primary producer from the ambient fish branch 
of NRC from, a) at the start of manipulations and b) after 10 weeks of manipulations. Each 
consumer data point is a composite sample of 5-10 shrimp.  Primary producer values are means.  
Abbreviations include nutrient reference creek (NRC), ambient fish branch (AF), suspended 
particulate organic matter (SPOM), microphytobenthos (MPB), filamentous algae (FA), Tall S. 
alterniflora (TSA).  
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Figure 4.8.  15N and δ13C values of large F. heteroclitus and primary producer after 10 weeks of 
manipulations from a) ambient fish branch of NRC, b) fish reduction branch of NRC, c) ambient 
fish branch of NEC and d) fish reduction branch of NEC.  Each consumer data point is a 
composite sample of 5-10 shrimp.  Primary producer values are means.  Abbreviations include 
nutrient reference creek (NRC), ambient fish branch (AF), suspended particulate organic matter 
(SPOM), microphytobenthos (MPB), filamentous algae (FA), Tall S. alterniflora (TSA).  
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Figure 4.9.  15N and δ13C values of small F. heteroclitus and primary producer after 10 weeks of 
manipulations from a) ambient fish branch of NRC, b) fish reduction branch of NRC, c) ambient 
fish branch of NEC and d) fish reduction branch of NEC.  Each consumer data point is a 
composite sample of 5-10 shrimp.  Primary producer values are means.  Abbreviations include 
nutrient reference creek (NRC), ambient fish branch (AF), suspended particulate organic matter 
(SPOM), microphytobenthos (MPB), filamentous algae (FA), Tall S. alterniflora (TSA).  
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Figure 4.10.  15N and δ13C values of P. pugio and primary producer after 10 weeks of 
manipulations from a) ambient fish branch of NRC, b) fish reduction branch of NRC, c) ambient 
fish branch of NEC and d) fish reduction branch of NEC.  Each consumer data point is a 
composite sample of 5-10 shrimp.  Primary producer values are means.  Abbreviations include 
nutrient reference creek (NRC), ambient fish branch (AF), suspended particulate organic matter 
(SPOM), microphytobenthos (MPB), filamentous algae (FA), Tall S. alterniflora (TSA).  
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Figure 4.11.  δ15N and δ13C values of I. obsoleta and primary producer after 10 weeks of 
manipulations from a) ambient fish branch of NRC, b) fish reduction branch of NRC, c) ambient 
fish branch of NEC and d) fish reduction branch of NEC.  Each consumer data point is a 
composite sample of 5-10 shrimp.  Primary producer values are means.  Abbreviations include 
nutrient reference creek (NRC), ambient fish branch (AF), suspended particulate organic matter 
(SPOM), microphytobenthos (MPB), filamentous algae (FA), tall S. alterniflora (TSA).  
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Figure 4.12.  Trophic continuum’s for large F. heteroclitus, small F. heteroclitus, P. pugio and I. 
obsoleta in a) nutrient reference creek at the start of manipulations, b) nutrient enrichment creek 
at the start of manipulations, c) nutrient reference creek after 10 weeks of manipulations and d) 
nutrient enrichment creek after 10 weeks of treatments. All values reported are means and 
standard deviations.   
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not significantly different (t-test, p=0.389).  The fish manipulation had no effect on δ15N values 
and corresponding trophic continuums of small F. heteroclitus or I. obsoleta (Table 4.3 and 4.4).   
DISCUSSION 
 The two manipulations conducted in this whole-ecosystem experiment examined the 
effects of reduced abundance of a key predator and nutrient enrichment to simulate 
anthropogenic top-down and bottom-up effects.  My results suggest that the diet of an important 
intermediate omnivore, P. pugio (grass shrimp), was altered with the reduction in abundance of a 
top omnivore, F. heteroclitus (killifish).  As indicated by increases in δ15N isotope values and 
increases in trophic position along the trophic continuum, some P. pugio became more 
carnivorous when F. heteroclitus were reduced in abundance regardless of nutrient enrichment.  
Grass shrimp and small killifish are consumed by large killifish; however, I detected no evidence 
that small killifish diet was affected by reduced abundance of large killifish.  Similarly, the 
trophic position of I. obsoleta (a mud snail not preyed upon by killifish but with similar baseline 
isotope ratios) did not change with reduced fish abundance.  Therefore, changes in the diet of P. 
pugio with reduced fish abundance were not likely due to random variation but instead were a 
result of a species-specific diet shift induced by reduced killifish abundance.   
 Both killifish and grass shrimp are omnivores that consume primary producers and 
primary consumers.  Below I argue that some grass shrimp became more carnivorous preying 
more heavily on benthic invertebrates and larval killifish as a result of the reduction of killifish.  
This shift in diet of an omnivore yields insight into the nature of top-down control in this salt 
marsh system.   
 The addition of nutrients altered the δ15N value of various algal groups within the nutrient 
enrichment creek making it difficult to determine if changes in isotope values were a result of 
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changes in trophic continuums or from consuming labeled algae.  Thus, the interpretation of 
responses under fertilization was complex.  However, nutrients most likely had little effect on the 
diet of grass shrimp and killifish.  Below, I discuss reasons why detection of nutrient effects was 
problematic.   
Responses to Killifish Reduction.  Increase in consumption of macroinfauna and/or a shift to 
consumption of larval killifish by grass shrimp is the most likely explanation for the evidence of 
increased carnivory by grass shrimp and is supported for several reasons.  Johnson (2008) 
conducted two stage exclusion studies in PIE one year after my studies of diet.  The first stage 
examined killifish reduction (using identical techniques as my study) effects on infauna and 
concluded that killifish reduction (another known macroinfauna predator) alone does not impact 
density of macroinfauna.  The level of killifish reduction (60%) achieved was shown to influence 
other prey groups in PIE including benthic copepods (Fleeger et al. 2008) and marsh platform 
epifauna (Johnson 2008).  However, when grass shrimp and killifish were both excluded from 
mudflat and Spartina alterniflora habitats in the second stage, surface deposit-feeding 
macroinfauna increased in abundance suggesting that a release from predation from grass shrimp 
was at least partially responsible for changes in density.  Other inclusion/exclusion or microcosm 
studies suggest grass shrimp (or other shrimp species) impact macroinfaunal densities (Kneib 
and Stiven, 1982; Posey and Hines, 1991; McTigue and Zimmerman, 1998; Beseres and Feller, 
2007) and previous studies have suggested that predation on P. pugio and small F. heteroclitus 
by large F. heteroclitus indirectly releases predator suppression on infauna (Posey and Hines 
1991, Kneib 1980).   Furthermore, small killifish diet was unaffected by the reduction in large  
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killifish, suggesting that small killifish did not increase their consumption of macroinfauna when 
killifish are reduced in abundance. 
δ15N values of some grass shrimp were substantially higher than both size classes of 
killifish and were greater than one trophic level (>3.4‰) above macroinfauna suggesting they 
consumed an intermediate predator (Chapter 3).  Thus, the level of δ15N enrichment in grass 
shrimp cannot wholly be explained by increases in the relative consumption of herbivorous 
macroinfauna.  However, consumption of larval killifish and macroinfauna may explain the 
elevated δ15N values in some grass shrimp.  Predation on larval killifish by grass shrimp has 
been reported in manipulative experiments within a Georgia salt marsh (Kneib 1987).  
Specifically, Kneib (1987) found predation by grass shrimp reduced the number of larval killifish 
in an inclusion study and found larval killifish in the mouths of captured grass shrimp.  Killifish 
spawn during spring tides throughout spring and summer (Smith et al. 2000 and references 
therein) and were likely accessible prey for grass shrimp during this study.  If so, these 
experiments suggest that food webs in PIE are complex and that top-down control may be 
modulated by interactions between grass shrimp and killifish. 
 F. heteroclitus may have indirect or cascading effects on lower trophic levels mediated 
through predation by P. pugio.  Previous studies have used inclusion/exclusion experiments to 
determine such effects (Kneib 1988, Posey and Hines 1991, Posey et al. 2002).  In general, these 
studies rely on indirect measures of diet such as sediment prey abundance.  To my knowledge, 
this study is the first to use direct measures of resource use (stable isotopes) to address changes 
in trophic structure with removal of a key consumer.  Furthermore, top-down control by 
predators on lower trophic continuums may be through density-mediated and/or trait-mediated 
effects (Peacor and Werner 2000, Trussell et al. 2003, Werner and Peacor 2003).  P. pugio 
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densities were not influenced by F. heteroclitus reductions in this system (Deegan et al. 2007), 
suggesting that density mediated top-down control is unlikely.  However, Johnson (2008) found 
an increase in the proportion of adult P. pugio with F. heteroclitus reductions, suggesting 
killifish reduction influence the growth potential of grass shrimp.  Several studies have shown 
that killifish presence modifies the behavior of grass shrimp (Kunz et al. 2006, Carson and 
Merchant 2005, Cross and Stiven 1999).  When killifish are present, grass shrimp seek refuge 
thereby modifying their use of the marsh landscape and potential food items including high 
quality animal prey.  Trait-mediated effects may include changes in foraging behavior such as 
time spent foraging as well as foraging in habitats with structure when predators are present such 
as the vegetated higher marsh where predation rates are known to decrease (Davis et al. 2003).   
Thus, changes in behavior, as a function of fear of predation, by large F. heteroclitus may act 
indirectly on lower trophic levels via a change in P. pugio and/or small F. heteroclitus diets 
(trait-mediated indirect interactions).    
  I predicted the diets of both small F. heteroclitus and P. pugio would change with 
reduction of large F. heteroclitus because large killifish prey on both small killifish and grass 
shrimp.  Contrary to my predictions, only grass shrimp diets changed with fish reduction.  
Further, it is likely that not all grass shrimp diets changed.  Prey such as P. pugio face behavioral 
tradeoffs between predation risk and foraging.  Behavior is a plastic trait influenced by heritable 
variation as well as environmental parameters (Agrawal 2001, Werner and Peacor 2003, Wojdak 
and Luttbeg 2005).  It is likely that different behavior responses by individual P. pugio with 
reduction of F. heteroclitus were a function of heritable variation as well as variations between 
and within saltmarsh habitats such as the amount of resources, the quality of resources and/or the 
proximity of P. pugio to resources.  Thus, it may be that changes in shrimp diets with killifish 
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reduction were found for grass shrimp that utilized a specific area or habitat within the creeks.  
However, habitat utilization by P. pugio is difficult to address because of its small size and the 
turbid water typical of salt marshes and was not measured in this study.   
 The reasons why small killifish diet did not change with F. heteroclitus reductions are 
difficult to discern because interactions among different size classes of F. heteroclitus and with 
P. pugio are complex.  However, gut-content analysis from this study indicated that P. pugio 
were preferred prey over small conspecifics.  Consequently, killifish reductions may have had a 
greater impact on P. pugio, although Kneib (1987) suggests large F. heteroclitus have a greater 
preference for small conspecifics than P. pugio.  It is possible that large F. heteroclitus may not 
affect foraging behavior (e.g., time, habitat, etc.) of small F. heteroclitus.  The assumption is that 
small F. heteroclitus move to habitats of refuge in the presence of large F. heteroclitus (Kneib 
1987, Kneib 1997, Smith et al. 2000), although results from behavior studies of different size 
classes of F. heteroclitus are inconsistent (Kneib 1987, Davis et al. 2003, Carson and Merchant 
2004 and 2005, Kunz et al. 2006).  If large F. heteroclitus altered habitat utilization by small F. 
heteroclitus in this study, these changes did not translate into an altered foraging behavior 
detectable by either gut content analysis or stable isotopes.  Also, large P. pugio may have a 
compensatory predator response (CPR) replacing large F. heteroclitus as top omnivores (Johnson 
2008) in locations where killifish abundances were reduced.  Consequently, large P. pugio may 
affect small F. heteroclitus densities as well as foraging time and diet.  More research is needed 
to adequately resolve this question.    
 δ15N values and subsequent trophic continuums were similar for all F. heteroclitus 
regardless of size-class, month and fish treatment suggesting small and large F. heteroclitus have 
similar diets (Table 4.3).  Thus, no ontogenetic shifts in diet were found with isotope analysis.  
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However, gut contents revealed only large F. heteroclitus consumed small conspecifics and P. 
pugio (Table 4.1).  Because large F. heteroclitus consume small conspecifics, δ15N values for 
large F. heteroclitus should be higher compared to small F. heteroclitus.  However, gut content 
analysis indicated that ~60% of large F. heteroclitus consumed P. pugio while only ~20% 
consumed small F. heteroclitus.  In addition, the similar δ15N values for both size classes of F. 
heteroclitus may be attributed to the more omnivorous nature of large F. heteroclitus (Smith et 
al. 2000, Wainright et al. 2000, Fell et al. 2003).  Alternatively, small F. heteroclitus may have 
relatively high δ15N values from consuming suspension-feeding annelids and benthic and pelagic 
copepods (see Fleeger et al. 2008) that have been shown to feed on primary producers with 
relatively high δ15N values such as phytoplankton (Galván et al. 2008).  Reduced abundances of 
M. aestuarina by small F. heteroclitus have been reported by Bell (1980).  However, in this 
study very few annelids were found in the gut contents of small F. heteroclitus.  Instead, the 
majority of the diet of small F. heteroclitus consisted of pelagic and benthic copepods, 
amphipods and benthic diatoms.  A shortcoming of gut content analysis is the differential 
digestion of prey items.  Annelids are often underrepresented in gut content analysis due to 
relatively quick digestion of soft-bodied organisms compared to crustaceans or other exoskeleton 
containing prey.  Setae found in the guts of predators can be used to determine the presence of 
annelids; however, > 90% of M. aestuarina in the PIE are meiofauna (< 500µm) in size (Johnson 
et al. 2007) making it difficult to visualize setae under the dissecting scope.  Thus, it is possible 
that soft-bodied organisms such as M. aestuarina were consumed by small F. heteroclitus in this 
study but were unaccounted for during gut content analysis.  
 Variation in δ15N values within consumers in areas without nutrient enrichment was low 
for all species except grass shrimp in the fish reduction branch.  Grass shrimp in NRC with fish 
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reduction showed two groups with much higher δ15N and trophic continuum values (which 
differed marginally between branches in NFC) than other grass shrimp and other consumer 
samples.  In the NEC, effects of fish reduction were harder to detect because of changes in 
isotope ratios induced by fertilization (see below).  However, three groups of grass shrimp also 
had elevated δ15N values and trophic continuums compared to other grass shrimp samples and 
other consumers.  This level of variation in isotopes is unusual and suggests that some grass 
shrimp changed their pattern of consumption under conditions of fish reduction in both the NRC 
and NEC.  In addition, in a subsequent year, I found similar shifts in P. pugio δ15N values with 
fish reduction.  Thus, I have noted a change in the trophic position of some individual grass 
shrimp of each of three occasions in which killifish were reduced in PIE and data on trophic 
responses were gathered.  
Responses to Fertilization.  Interpreting responses under fertilization are more complex because 
fertilizer (with an δ15N of ~0.0‰) altered the isotope ratios of inorganic nitrogen (DIN: NH4+ 
and NO3-) occurring in NEC and may have altered algal physiology by relaxing nutrient 
limitations of algae.  Algal δ15N values decreased in NEC after ten weeks of treatments but 
because isotope values of inorganic nitrogen (NH4+ and NO3-) were not measured for this study, 
exact causes for changes in algal δ15N values cannot be determined.  However, changes in δ15N 
algal values were found only in the NEC after 10 weeks of nutrient additions and were not seen 
in NRC from the same time point; thus, the changes in algal δ15N were most likely due to 
changes in nitrogen cycling with excess nutrients rather than a seasonal shift (Cifuentes et al.  
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1988).  Nutrient enrichment lead to an alteration of δ15N of nekton, and most mean δ15N values 
for consumers in NEC decreased < 2‰ (Table3).   
 Although it was not the goal of this study, the lower δ15N values in algae in NEC can be 
used as a food web tracer.  For example, an organism feeding on the isotopically light (δ15N) 
algae in NEC would also have an altered δ15N value.  Because I found relatively no change in the 
δ15N value of macrophytes, consumers utilizing macrophytes as a primary basal resource would 
have relatively no change in δ15N in NEC.  Most mean δ15N values for consumers in NEC 
decreased < 2‰ with the exception of three pooled P. pugio samples from the fish reduction 
branch only (Table 4.3, Figure 4.10).  Relative to NRC, δ15N values for large F. heteroclitus and 
I. obsoleta decreased in NEC but only slightly indicating weak trophic interactions with algae for 
these consumers.  However, in the NEC relatively lower δ15N values were found for a few small 
F. heteroclitus and P. pugio samples indicating stronger food web interactions with algal 
resources for these two consumers.  Gut-content analysis of small F. heteroclitus provided 
complementary evidence for the importance of diatoms in the natural diet (NRC) and the diet of 
small killifish in NEC after 10 weeks of nutrient additions.   
 Changes in δ15N values of nekton in NEC are most likely due to changes induced at the 
base of the food web (i.e. consumption of labeled algae) rather than a nutrient enrichment effect.  
I found minor differences in the relative trophic continuums of consumers from NRC and NEC 
after 10 weeks, indicating there was most likely no species-specific nutrient effect for nekton and 
the mud snail, I. obsoleta.  In addition, the relatively small decreases in consumer δ15N values 
compared to algae suggest herbivory was not enhanced with nutrient additions relative to natural 
diets (NRC).  However, because the decrease in consumer δ15N values was of a lesser magnitude 
than the decrease in algal δ15N values, consumers may have become more carnivorous with 
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fertilizer additions.  If so, the minor differences in the relative trophic continuums of consumers 
between creeks suggest all consumers would have responded similarly.  It is not likely that large 
and small killifish, grass shrimp and the mud snail increased carnivory with nutrient additions.  
Thus, it appeared that nutrients had little effect on the diet of nekton and the mud snail.      
 Trophic continuums were substantially higher in NEC compared to NRC but the 
differences in trophic continuums were not likely due to any change associated with treatments.  
Instead, the increases in trophic continuums in NEC were probably due to disproportional 
decreases in δ15N between primary producers, where the decrease in δ15N resulted from 
consumption of labeled algae.  Disproportional decreases in δ15N in NEC may have resulted for a 
number of reasons.  First, the unlabeled basal resource, Spartina spp., may be an important 
resource for consumers (Chapter 5).  Second, consumers in the ambient fish branch were free to 
move in and out of the creeks.  Thus, organisms may have fed on resources outside the reach of 
the nutrient treatment; algae outside of the reach of the nutrient addition would have higher δ15N 
values as indicated by algae in the NRC.  Third, the addition of nutrients may not have reached 
all primary producers equally resulting in patches of algal tracer within the NEC.  Finally, algal 
δ15N values may have changed with the amount of creek water flushing and tidal height.  Rate of 
the fertilizer addition was adjusted every 10 minutes with every incoming tide until the water 
height was approximately 3.2 m above the channel (Deegan et al. 2007).  The amount of 
nutrients/L decreased when tidal height was greater than 3.2 m; however, less than 20% of tides 
reached these higher water depths.  Nevertheless, algae turnover quickly reflected relative recent 
changes in their growing environment.  Consequently, algal isotope values were relative 
snapshots in time compared to consumer isotope values that reflect the use of resources over 
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several weeks to months.  However, remineralization may extend nutrient effects in sediments 
(Tobias et al. 2003).  
Although it appeared that nutrients had little effect on the diet of nekton and the mud 
snail, my other work in PIE suggests that some species of macroinfauna modify diet and use 
MPB including epipelic and epiphytic diatoms with nutrient additions (Chapter 3); MPB likely 
respond most rapidly to fertilization (Chapter 3).  However, ten weeks may not be sufficient time 
to see effects of nutrients on higher trophic levels.  Nutrient additions were continued in 
subsequent years; Deegan et al. (2007) found increases in MPB in the year after this study.   
Fleeger et al. (2008) found no bottom-up effects in the PIE with nutrient additions for benthic 
fauna in the first year of nutrient additions indicating weak herbivore-primary producer 
interactions in this salt marsh.  Thus, the lack of response by nekton could be a function of the 
slow response by algae and weak response by macrofauna prey.  
Saltmarsh food webs are complex with reticulate trophic interactions (i.e. omnivory) that 
may dampen top-down effects (Polis 1991).  Top-down effects by F. heteroclitus and P. pugio 
have been reported in salt marshes; however, complex, size-specific interactions between F. 
heteroclitus and P. pugio may moderate top-down effects on lower trophic levels.  But because 
F. heteroclitus were not excluded but instead were only reduced by 60% in this study, it is 
difficult to separate the roles of F. heteroclitus and P. pugio in top-down control over infauna.  
However, some P. pugio (but not small killifish) became more carnivorous when F. heteroclitus 
where reduced indicating top-down control by P. pugio.  P. pugio does not increase in abundance 
when killifish are reduced in abundance (Deegan et al. 2007) suggesting that top-down control is 
mediated through behavioral modifications induced in grass shrimp.  My research further 
suggests relatively reduced bottom-up effects of nutrients on the saltmarsh food web.  However, 
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nutrient effects may take longer to transpire than the allotted 10 weeks.  Anthropogenic nutrient 
loading is one of the biggest problems in coastal areas and our understanding of such effects on 
saltmarsh food webs is limited and warrants further investigation.   
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CHAPTER 5 
 
THE FLOW OF ORGANIC MATTER THROUGH A SALTMARSH FOOD WEB:  A 
DUAL ISOTOPE (13C and 15N) ADDITION STUDY 
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INTRODUCTION 
  Salt marshes are areas of high primary production that in turn support high secondary 
production.  Macrophytes, phytoplankton and a variety of benthic algae all contribute to the high 
primary productivity.  Each has the potential to contribute to the saltmarsh food web making it 
difficult to determine organic matter resources that are important to secondary production in salt 
marshes.  Historically, the saltmarsh food web was thought to be fueled by macrophyte detritus, 
primarily the detritus of Spartina alterniflora (Teal 1962, Odum 1980).  However, Spartina has 
low nitrogen content and the refractory nature of its structural compounds often make it 
unavailable to consumers.  Bacteria are thought to enhance the nutritional value of Spartina 
detritus, but bacteria abundances are too low and do not meets the nutritional needs of many 
consumers (Tenore 1988).  Recent attention has been given to the dietary role of algae in 
saltmarsh food webs.   
 The use of natural abundance stable isotopes in estuarine food-web studies gained 
momentum in the mid 1970s.  Most early studies utilized a single isotope, δ13C, and it was in 
these early studies that the importance of microphytobenthos (MPB) and phytoplankton in 
saltmarsh food webs was revealed (Haines 1976, Haines and Montague 1979).  Yet, limitations 
of the single isotope approach were quickly revealed when attempting to resolve the diet of 
consumers that utilized several resources.  Soon after, researchers demonstrated the utility of 
using multiple natural abundance stable isotopes (δ13C, δ15N and δ34S) to distinguish between 
multiple primary producers (Peterson et al. 1985, Peterson et al. 1986, Peterson et al. 1987).  
Today, this approach is commonly used in food web studies and has illuminated the importance 
of microalgae in saltmarsh food webs (Sullivan and Moncreiff 1990, Currin et al. 1995, 
Wainright et al. 2000, Kang et al. 2007, Galván et al. 2008).  For example, using multiple natural 
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abundance stable isotopes, Wainright et al. (2000) found MPB was as important as Spartina 
detritus to the killifish, Fundulus heteroclitus in a Delaware salt marsh and McMahon et al. 
(2005) reported that phytoplankton and Spartina detritus were both important to the diet of F. 
heteroclitus in a Maine saltmarsh. 
 Although the use of multiple natural abundance stable isotopes has helped to further our 
understanding of resource use in salt marshes, this approach is still limited in systems like salt 
marshes that have a high diversity of primary producers with similar isotope values (Winemiller 
et al. 2007).  For example, Galván et al. (2008) found similar natural abundance stable isotope 
values for the polychaete, Nereis diversicolor from two adjacent habitats and mixing model 
results suggested consumption of benthic microalgae in both locations.  However, the addition of 
15N-tracer elucidated the dietary importance of phytoplankton in one habitat that natural 
abundance stable isotopes alone could not.  Thus, one way to increase the power of stable 
isotopes is to use natural abundance stable isotopes in combination with isotope additions 
(Hughes et al. 2000, Middelburg et al. 2000, Carman & Fry 2002, Maddi et al. 2006, Levin et al. 
2006, van Oevelen et al. 2006).  The goal of isotope additions is to enhance natural differences in 
primary producer isotope values by creating a distinct isotope label in specific primary 
producers.  The label can then be followed through the food web via consumption of a labeled 
primary producer.  Moreover, isotope additions may be conducted in such a way as to target 
uptake in a specific primary producer(s).  In combination with natural abundance stable isotope 
analysis, isotope additions allow for better resolution of basal resource contributions to food 
webs.  However, many fewer food-web studies have used isotopes in this way. 
 This study is a part of a large, multidisciplinary experiment (Deegan et al. 2007) called 
TIDE (Trophic cascades and Interacting control processes in a Detritus-based aquatic 
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Ecosystem).  TIDE is addressing anthropogenic effects and key fish reduction in whole saltmarsh 
creeks within the Plum Island Estuary (PIE), Massachusetts.  The TIDE project conducted a 
large-scale addition of 15N-enriched NO3- to the water column of a saltmarsh creek within the 
PIE for 42 days to determine the fate, transformation and flow of surface-water nitrogen through 
the saltmarsh.  My contribution to TIDE was to determine basal resource contributions to the 
saltmarsh food web.  To further elucidate basal resource use by important constituents of the 
benthos, a simultaneous 2 week addition of 13C-enriched NaH13CO3 was conducted in small-
scale plots in targeted habitats within this creek on day 27 of the water column 15N -addition.  
Uptake of enriched 13C was targeted in microphytobenthos (MPB), filamentous algae and 
epiphytic diatoms.  During the first week of 15N-additions, the15N label was found in MPB, 
filamentous algae, epiphytic diatoms and phytoplankton.  However, 15N-enrichment was not 
detected in phytoplankton after the first week of tracer addition.  By the end of the 42-d 
experiment, the enriched 15N label was found in numerous consumers including nekton, epifauna 
and infauna indicating consumption of algae.  Similarly, for plots receiving the dual 13C and 15N 
tracers, both enriched labels were found in targeted primary producers and most infauna 
indicating the dietary importance of algae.  This approach (i.e. isotope tracers) helped to further 
separate primary producers isotopically and thus, improved dietary resolution that natural 
abundance stable isotopes alone could not.  
MATERIALS AND METHODS 
Study Area.  This investigation was carried out in the Plum Island Estuary (PIE) Massachusetts, 
USA (42˚44'N, 70˚52'W).  PIE has extensive salt marshes; Spartina alterniflora and S. patens are 
the dominant macrophytes on the marsh platform.  Within tidal creeks, steep, almost vertical, 2-
m high creek walls are irregularly covered with macroalgae and filamentous algae.  At the time 
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of the experiment, macroalgae were visually less dominant than filamentous algae in and around 
the study creek.  There was a nearly continuous, ~20 cm high band of algae consisting of 
Rhizoclonium spp. and other filamentous algae (consisting of long filaments up to 500-µm in 
diameter) and macroalgae near the top of the creek wall.  At low tide within tidal creeks 
surrounding the marsh, gently-sloped mudflats were aerially exposed.  Salinities at the 
experimental site at the time of the experiment ranged from 15 to 28‰.  The estuary experiences 
semi-diurnal tides with approximate 3-m tidal amplitude.  PIE is a low consumer diversity 
ecosystem, to the north of the distributional range of many abundant species (e.g., Callinectes 
sapidus, Littoraria irrorata, Scaienid fishes) typical of western Atlantic marshes.  Low 
concentrations of bioavailable nutrients in surface waters (1-4 uM NO3-N and < 1 uM SRP in 
2003-2004), and saltmarsh flora are generally thought to be N-limited (Taylor et al. 2004). 
Macroinfauna in PIE are distributed broadly throughout creek and marsh platform with 
similar salinity and consist mostly of annelids (Johnson et al. 2007).  Meiofaunal communities 
are dominated by nematodes and harpacticoid copepods (Fleeger et al. 2008).  Epifauna can be 
found throughout the marsh landscape.  The ribbed mussel, Guekensia demissa and the mud 
snail, Ilyanasa obsoleta are abundant in creek habitats while the talitrid amphipod, Orchestia 
grillus, the isopod, Philoscia vittata and the coffee bean snail, Melampus bidentata occupy the 
high, marsh platform habitats, in Spartina patens and shortS. alterniflora marsh respectively.  
Other fauna (e.g., insects and spiders) from the high intertidal marsh were not analyzed in this 
study.  The killifish, Fundulus heteroclitus and the grass shrimp, Palaemonetes pugio 
numerically comprise >95% of nekton in saltmarsh creeks of the PIE (Deegan et al. 2007) and 
are important consumers of saltmarsh infauna (Posey and Hines 1991, Sarda et al. 1998, Johnson 
2008).  Other less abundant nekton include crabs from the family Xanthidae spp., the fourspine 
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stickleback, Apeltes quadracus and the green crab Carcinus maenas.  These species were not 
frequently collected due to low abundances and thus, were not analyzed for stable isotopes.    
15N and 13C-tracer Additions.  To determine the fate and transformation of carbon and nitrogen 
in a saltmarsh creek, 15N-enriched nitrate was added to the water column for 42 days and 13C-
enriched bicarbonate was added to sediments in multiple habitats for two weeks beginning on 
day 27 of the 42-day 15N addition.   
     15N-tracer Additions.  15N-tracer solution was added to the water column during every rising 
tide for 42 days.  The rate of addition was adjusted approximately every 10 minutes to match the 
volume of water and nitrate concentrations which change more-or-less predictably over the tidal 
cycle flowing into the creek and to reach a target δ15N of 1000‰.  A total of 6.88 Kg of 10 atom 
% K15NO3 was added over a 42 day period.  The addition of 15N-enriched NO3- was not 
considered a fertilizer study because the amount of K15NO3 added did not significantly alter 
average ambient nutrient concentrations throughout the 42-day addition.    This study focused on 
food web incorporation of 15N-tracer.  Details on other fate of added 15NO3 in this system are 
addressed in a companion paper (Drake et al. submitted).   
    13C-tracer Additions.  A 13C-isotope addition experiment was carried out in 8, 1-m2 plots 
within two habitats in the same marsh creek receiving 15N-enriched tracer additions.  13C-
additions ran from August 19 to September 2, 2005 beginning on day 27 of the 15N-tracer 
addition.  Four plots were placed in mudflat habitat and four plots were placed in creek-wall 
habitat.  Plots were marked at the corners with PVC poles (30 cm in length).  Baseline samples 
were collected within a week prior to the start of 13C-additions.  I added 71.4 mg of 98% 13C-
enriched NaH13CO3 daily at low tide directly to sediment in all plots for 14 d.  To determine food 
web incorporation of local algae, samples were collected two weeks after the start of the 13C-
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addition (one day after the last addition of 15N and 13C tracer).   The 13C-enriched NaHCO3 was 
dissolved in Whatman GF/F filtered seawater and was applied using a common garden sprayer.  
Due to the vertical nature of the creek wall, time exposed to the enriched isotope may have 
differed from mudflat.  However, the canopy-like quality of filamentous algae in creek wall 
enhanced retention time of the 15N- and 13C-enriched water.  Furthermore, 13C enrichment in 
phytoplankton and Spartina spp. detritus is unlikely because of tidal-induced dilution and 
advection of the isotope signal and because non-living detrital material cannot take up the 
isotope label.  Bacteria that use Spartina spp. detritus as a carbon source may take up the 
enriched 15N.  However, baseline δ13C values of consumers that utilize Spartina detritus and 
associated microbes should reflect the δ13C values of Spartina spp. detritus (Kreeger & Newell 
2000).    
Collections.  To determine the use of organic matter in the saltmarsh food web, primary 
producers and consumers were collected from five habitats across the tidal gradient:  mudflat, 
creek wall, tall form S. alterniflora understory, S. patens understory and short form S. 
alterniflora understory.  Collections were made for most taxa at least once a week although some 
were sampled less often.  Epipelic or migrating diatoms are often the most abundant primary 
producers comprising the MPB community and thus served as a proxy for MPB.  MPB were 
collected from mudflats using 125µm nitex mesh (15.2 cm2 in area).  Nitex was placed directly 
on exposed mudflats, moistened with seawater filtered through precombusted (4 h at 480º C) 
GF/F Whatman filters that have nominal 0.7µm retention.  Air bubbles under the nitex mesh 
were removed by smoothing by hand.  Nitex was retrieved after 1 h.  In the laboratory, MPB 
samples were decanted 3-5 times to separate microalgae from denser detrital and sediment 
particles.  Microscopic inspection of the purified samples indicated that pennate diatoms 
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dominated collections.  Samples were filtered on pre-combusted, Whatman GF/F filters for 
isotope analysis.  MPB were not collected from the creek-wall habitat. Previous attempts at 
collecting migrating diatoms from creek walls revealed only minute amounts that were 
insufficient for isotope analysis.  Filamentous algae from the creek wall were collected by hand 
and sonicated for 1 min to remove associated epiphytic diatoms.  Filamentous algae were 
inspected by microscopic examination, and only filamentous algae devoid of epiphytic diatoms 
were utilized for stable isotope analysis.  After filamentous algae were removed from the 
sonicated sample, the remaining epiphytic diatom slurry was repeatedly decanted to separate 
sediments and debris from diatoms.  Larger epiphytic diatoms that were not easily decanted off 
were removed from sediment and debris with a sorting loop and added to the decanted epiphyte 
sample.  The resulting epiphytic samples (visual estimate was >95% diatoms) was filtered on 
pre-combusted Whatman GF/F for isotope analysis.  Suspended particulate organic matter 
(SPOM) was sampled using a 70-µm phytoplankton tow.  The phytoplankton tow was tossed 
approximately 15 feet per toss for a total of ~20 tosses.  The samples were rinsed through a 63-
µm sieve to more readily remove zooplankton.  The fraction of sample that passed through the 
sieve and the retained material were both repeatedly decanted in an attempt to achieve a more 
purified phytoplankton sample.  Both fractions were examined microscopically.  Zooplankton, 
primarily calanoid copepods, were removed with forceps from both fractions of the sieved 
SPOM samples.  SPOM samples were filtered on pre-combusted, Whatman GF/F filters for 
isotope analysis, and was used as a proxy for phytoplankton.  Calanoid copepods removed from 
the SPOM samples were analyzed for isotope analysis and served as a proxy for zooplankton.  
Approximately 100 copepods were pooled per sample for isotope analysis.  Leaves of live S. 
alterniflora and standing dead S. patens were clipped with garden shears from the marsh 
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platform.  Leaves were cleaned of foreign debris, rinsed with distilled water and dried at 70˚ C.  
We used macrophyte leaves from live S. alterniflora as a proxy for S. alterniflora detritus.  
Currin et al. (1995) found no difference in δ13C values between live and standing dead S. 
alterniflora but found lower δ15N values in standing dead S. alterniflora.   
For infauna collections, sediment was collected by hand from mudflats and creek wall.  
Sediments were preserved in a 5% buffered formalin solution for a minimum of 2 days before 
being sieved.  Sediment samples were sieved through a 500-µm sieve for macrofauna and 
through a 63-µm sieve for meiofauna.  Infauna were removed from remaining sediment and 
organic matter using a dissecting microscope.  Within the mudflat and creek-wall habitat, 
infauna were pooled by species to obtain adequate sample mass for isotope analysis and to 
homogenize spatial variability within habitats.  Gut contents were extruded using forceps from 
all infauna.  Tissues devoid of gut contents were rinsed with deionized water and dried at 70˚ C 
for 24 h for isotope analysis.  Excluding meiobenthic copepods and the tanaid, Leptochelia 
savignyi, infauna samples for isotope analysis were not acidified but were rinsed with deionized 
water to remove external sediment.  Meiobenthic copepods and L. savignyi were acidified with 1 
M HCl acid.  Natural abundance δ15N and δ13C stable isotope values for primary producers and 
consumers were determined from samples taken within 1 week prior to the start of the 15N-tracer 
addition and were treated as baseline isotope values for the 15N-tracer addition.  Within one week 
prior to the 13C-addition, sediment samples were collected from mudflat and creek wall for 
natural abundance δ13C stable isotope values and were treated as baseline values for the 13C-
addition.   
 Epifauna including G. demissa, I. obsoleta, O. grillus, P. vittata and M. bidentata were 
collected by hand.  G. demissa was collected from creek walls.  I. obsoleta were collected from 
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mudflats.  O. grillus and P. vittata were collected from under the S. patens canopy while M. 
bidentata was collected from under the stunted S. alterniflora canopy.  Gut contents were 
removed from O. grillus and P. vittata.  Isotope analysis was conducted on the muscle tissue of 
G. demissa, I. obsoleta and M. bidentata.  Each sample of G. demissa, I. obsoleta, O. grillus, P. 
vittata and M. bidentata was acidified with 1 M HCl acid.   
 Nekton were collected from the creek at high tide using minnow traps.  Multiple minnow 
traps were placed roughly 50 m apart in the bottom of the creek for approximately 1 h.  Nekton 
collected in minnow traps were almost exclusively F. heteroclitus and P. pugio.  The livers from 
five to seven fish were dissected and pooled for each isotope sample.  Livers were treated with 
hexane to extract lipids following Fry et al. (2003).  Length of fish analyzed for isotopes ranged 
from 35-70 mm.  Five to ten shrimp abdomens were pooled per isotope sample.  Length of 
shrimp (from tip of rostrum to tail end) analyzed for isotopes ranged from 25-35 mm.  Pooled 
samples were used to estimate average isotope composition at each time point.   
Isotope Analysis.  Samples were analyzed at the University of California, Davis Isotope Facility 
and at the Marine Biological Laboratory in Woods Hole, MA using a continuous flow isotope 
ratio mass spectrometer (CF-IRMS).  Samples were reported relative to the standards, 
atmospheric N2 and Vienna Pee Dee Belemnite (VPDB) carbon.  Stable isotope values are 
reported in δ notation: 
δ13C or δ15N = [(Rsample/Rstandard) – 1] × 103 
where R is respectively 13C/12C or 15N/14N.   
Mixing Model and Trophic Enrichment Factors (TEFs).  Two types of mixing models were 
used with δ13C and δ15N isotope values to assess basal resource dietary contributions.  Multiple 
primary producers including marsh macrophytes, phytoplankton, filamentous algae and 
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associated epiphytes and MPB have the potential to contribute to the saltmarsh benthic food web.  
However, linear mixing models do not determine unique dietary contributions when the number 
of potential food resources exceeds n + 1, where n is the number of isotopes used (two in this 
study).  Thus, to first determine the dietary contributions from all potential food resources, I used 
IsoSource, a mixing model that uses all possible resource combinations to determine a range of 
possible source contributions (Phillip and Gregg 2003).  While IsoSource may not reveal unique 
dietary contributions as found with linear mixing models, results can be informative.  For 
example, low maximum dietary contributions indicate basal resources that are not important to 
consumer diets.   
 Resources included in IsoSource were tall S. alterniflora, pooled isotope values of S. 
patens and the shortform of S. alterniflora, a proxy for phytoplankton (see below), filamentous 
algae from creek wall, epiphytes collected from creek wall filamentous algae and MPB (epipelic 
diatoms).  However, not all of these resources were readily available to consumers in their 
respective habitats.  Thus, a second mixing model, IsoError, was used to determine dietary 
contributions from the three main resources available to infauna in their respective local habitats:  
S. alterniflora, proxy for phytoplankton and MPB (epipelic or epiphytic diatoms).  Epipelic MPB 
was used in the mudflat habitat and epiphytic diatoms were used in the creek-wall habitat.  These 
three resources were chosen based on the literature and my previous work with these consumers 
including isotope analysis and gut content analysis.   
 Baseline δ13C isotope values for SPOM were higher than the ribbed mussel, G. demissa, 
and the suspension-feeding polychaete, M. aestuarina.  However, both consumers are known 
phytoplankton feeders (Galván et al. 2008, Kemp et al. 1990, Haines and Montague 1979, Teal 
1962).  In two previous studies conducted in saltmarsh creeks within the same watershed, δ13C 
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and δ15 N stable isotopes values and gut content analysis showed phytoplankton was the most 
important food resource for M. aestuarina (Galván et al. 2008).  Similarly, stable isotope values 
and gut contents from this study reveal the natural diet of M. aestuarina is almost exclusively 
phytoplankton.  Because baseline SPOM δ13C values were higher than the two known 
phytoplankton feeders, G. demissa and M. aestuarina, I averaged δ13C and δ15N isotope values 
of G. demissa and M. aestuarina to serve as a proxy for phytoplankton in the baseline mixing 
models.   
 Both mixing models were used to determine resource contributions prior to tracer 
additions (baseline) and after the 42 day 15N-addition.  With the exception of meiobenthic 
copepods, enrichment in δ15N  above baseline values (δE, see below) at the end of the 42-day 
15N-isotope addition and natural abundance 13C isotope values (samples outside of 1 m2 plots) 
averaged over the last three weeks of the 42-day addition were used in mixing models to 
determine basal resource contributions.  δE is the enrichment in δ15N or δ13C above baseline 
natural abundance isotope values and was calculated using the following equation:  
δE carbon or δE nitrogen = δXobserved -δXbaseline 
where X is 13C or 15N.  For the 13C-tracer, observed values are isotope values of organisms 
collected one day after the last isotope addition.  Because 13C-additions were conducted in small, 
1m2 plots, I assume that only infauna were exposed to 13C-labeled primary producers.  Nekton 
and epifauna were always collected from sites > than 25 m from plots receiving enriched 13C.  In 
a previous study (Chapter 2), I estimated a tissue turnover time of 3 weeks for infauna.  Thus, it 
is unlikely that infauna tissue reached equilibrium during the 14-day 13C-additions.  As a result, 
δE carbon values were not used in mixing models but were instead used to confirm results from 
the mixing models in which natural abundance δ13C and an average δE of 15N from week 3 to 
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week 6, were used.  Resource contributions were calculated for nekton in this model; however, 
tissues may not have reached equilibrium over the 42-day 15N-addition.  Thus, dietary 
contributions are provided for nekton with the caveat that results may underestimate the 
importance of labeled resources.  The mixing model is available at:  
http://www.epa.gov/wed/pages/models.htm.      
RESULTS 
 A total of 19 species of annelids and 38 species of copepods were found in quantitative 
studies of infauna in habitats across the tidal inundation gradient in PIE (Johnson et al. 2007, 
Fleeger et al. 2008); infauna were most abundant in creek-wall habitat.  In the present study, 
δ13C and δ15N isotope analyses were conducted on the more abundant infaunal species, including 
the polychaetes Nereis diversicolor (mudflat), Streblospio benedicti (mudflat) and Manayunkia 
aestuarina (creek wall); the oligochaete, Paranais litoralis (mudflat and creek wall); the 
meiobenthic harpacticoid copepods, Scottolana canadensis (mudflat) and Nannopus palustris 
(mudflat and creek wall) and the tanaid, L. savignyi (creek wall). 
 The killifish, Fundulus heteroclitus, and the grass shrimp, Palaemonetes pugio, 
numerically comprised >95% of nekton in saltmarsh creeks within the PIE (Deegan et al. 2007).  
Abundances of the mud snail, I. obsoleta on mudflats were 13.1 ± 7.9 ind/0.25 m2.  The ribbed 
mussel, G. demissa, was the dominant bivalve and was most abundant in creek-wall habitat.  
Among the high intertidal epifauna, O. grillus was the most numerically abundant taxon after P. 
vittata (Johnson D.S. personal communication).    
Baseline Natural Abundance Stable Isotope Values.   
    Primary Producers.  Natural abundance stable isotope values of primary producers for δ15N 
ranged from 1.5‰ for S. patens to 12.0 ± 1.0‰ for SPOM (Table 5.1).  δ15N values for MPB, 
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filamentous algae and epiphytic diatoms were intermediate at 5.7 ±1.0‰, 6.0 ± 0.2‰ and 6.1 ± 
0.0‰ respectively.  δ13C values ranged from -21.0‰ for SPOM to -13.4‰ for S. patens.  
Intermediate δ13C isotope values were found for MPB (-19.7 ± 0.4‰), filamentous algae (-18.2 ± 
2.2‰) and epiphytic diatoms (-19.4 ± 0.4‰). 
    Mudflat Consumers.  All infauna including N. diversicolor, S. benedicti, P. litoralis, S. 
canadensis and N. palustris had relatively depleted δ13C natural abundance values compared to 
S. alterniflora (Table 5.1, Fig. 5.1). All had δ13C values that differed from Spartina spp. by ≥ 5‰ 
(Table 5.1).  δ13C values for the mud snail, I. obsoleta were relatively higher than all other 
consumers at -16.5 ± 0.8‰.  δ15N values for mudflat consumers ranged from 7.1 ± 0.5‰ for P. 
litoralis to 12.0‰ for the copepod, S. canadensis (Table 5.1).   
    Creek-wall Consumers.  The polychaetes, M. aestuarina, the oligochaete, P. litoralis, the 
tanaid, L. savignyi, the copepod, N. palustris and the ribbed mussel, G. demissa had relatively 
low δ13C values at -21.4 ± 0.4‰, -18.4 ± 0.5‰, -19.8 ±0.8‰, -19.3‰ and -22.5 ± 0.4‰, and 
δ15N values of 7.8 ±0.6‰, 7.1 ± 0.5‰, 7.0 ± 0.1‰, 8.6‰ and 7.0 ± 0.0‰ respectively (Table 
5.1).  All infauna, including mudflat and creek wall, had δ13C values >4‰ lower than Spartina 
spp.  δ13C values of P. litoralis, L. savignyi and N. palustris were intermediate δ13C values for 
filamentous algae and epiphytic diatoms (Figure 5.1).       
    High-marsh Consumers.  The amphipod, O. grillus and the isopod, P. vittata were collected 
from under the S. patens canopy, but had relatively low δ13C values compared to either form of 
S. alterniflora and S. patens at -17.8 ± 0.1‰ and -20.1 ± 0.8‰, relatively (Table 5.1).  
Similarly, the coffee bean snail, M. bidentatus, was collected from under the canopy of the 
shortform of S. alterniflora but had relatively depleted δ13C values compared to either form of S. 
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alterniflora and S. patens at -18.1 ±1.4‰.  δ15N values for high marsh epifauna were very 
similar ranging between 7.0‰ and 7.6‰.    
    Nekton.  δ13C values for the killifish, F. heteroclitus, and the grass shrimp, P. pugio, were -
19.7 ± 2.2‰ and -17.8 ± 0.7‰, respectively (Table 5.1).  The low δ13C isotope values in nekton 
relative to Spartina spp. indicating the importance of an algal basal resource.  δ15N values for 
killifish ranged from 9.1 to 10.6 ‰ while grass shrimp values ranged from 8.3 to 9.4‰ 
suggesting F. heteroclitus had a more carnivorous diet than grass shrimp.     
    IsoSource.  IsoSource was used to determine the range of dietary contributions from all 
potential food resources in the salt marsh and was used for all consumers regardless of habitat.  
In many cases, IsoSource yielded large ranges with high maximum dietary contributions (Table 
5.2).  These results are considered uninformative as actual primary producer dietary 
contributions may be substantially less than maximum contributions.  For some consumers, 
IsoSource revealed basal resources that contributed less than 25% and were thus considered 
unimportant to the diet while others contributed a minimum of 25% to the diet and were 
considered important dietary resources.  For primary producers with minimum dietary 
contributions ≤ 25% but maximum dietary contributions > 25%, contributions to the food web 
are considered unresolved.  
   In general, Spartina spp. was not important to the diets of saltmarsh consumers at the 
start of the isotope addition (Table 5.2).  Specifically, maximum S. alterniflora dietary 
contribution for infauna was 18% while P. litoralis had the highest maximum S. patens/short S. 
alterniflora dietary contributions at 31% in creek-wall habitat.  The maximum S. patens/shortS. 
alterniflora dietary contribution for all other infauna was 21%.  Results from the IsoSource 
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Table 5.1.  δ15N and δ13C natural abundance stable isotope values (baseline) and maximum δE 
15N (highest observed enrichment minus background natural abundance isotope values) in 
organisms over the 42-day 15N-tracer addition.  δE 13C is the enrichment of 13C addition minus 
background natural abundance isotope values for primary producers and infauna after 14 days of 
13C-addition.  Natural abundance values reported are means ± (1 sd).  Pelagic and benthic 
copepods were not replicated.  The dash (-) indicates organisms that were not analyzed.  
Abbreviations include mudflat (MF), creek wall (CW), S. patens understory (SP), stunted S. 
alterniflora (SSA).   
Common name Species Habitat 
Baseline 
δ15N (‰)        δ13C (‰) 
Maximum    
δE  15N (‰) 
  δE 13C 
(‰) 
Primary producers 
Smooth cordgrass 
Tall Spartina 
alterniflora  6.3±0.6 (2) -13.7±0.2 (2) 11.2 0 
 Stunted S. alterniflora  2.3±0.9 (2) -13.2±0.1 (2) - - 
 S. patens  2.1±0.8 (2) -13.7±0.7 (2) 9.0 0 
Phytoplankton   12.0±1.0 (4) -21.0±0.0 (4) 325.0 0 
Filamentous algae Rhizoclonium spp. CW 6.0±0.2 (2) -18.2±2.2 (2) 91.0 20.7 
Epiphytic diatoms  CW 6.1±0.0 (2) -20.9±1.9 (2) 53.0 21.0 
Epipelic diatoms Mixed species MF 5.7±1.0 (2) -19.4±0.4 (2) 35.0 36.8 
Invertebrates 
Pelagic copepods   9.2 -18.8 12.0 - 
Grass shrimp Palaemonetes pugio  9.0±0.6 (3) -17.8±0.7 (2) 12.0 - 
Amphipod Orchestia grillus SP 7.0±1.0 (2) -17.8±0.1 (2) 13.5 - 
Tanaid  CW 7.0±0.1 (2) -19.8±0.8 (2) 38.0 34.0 
Benthic copepods 
Scottolana canadensis 
Nannopus palustris 
MF 
MF 
CW 
12.1 
8.2 
8.6 
-21.4 
-19.3 
-20.3 
5.0 
22.0 
54.0 
 
35.0 
14.0 
Isopod Philoscia vittata SP 7.6±0.3 (2) -20.1±0.8 (2) 2.1 - 
Ribbed mussel Guekensia demissa CW 7.3±0.0 (2) -22.5±0.4 (2) 10.3 - 
Mud snail Ilyanasa obsoleta MF 9.1±0.5 (3) -16.5±0.8 (3) 6.5 - 
Coffee bean snail Melampus bidentata SSA 7.1±1.2 (2) -18.1±1.4 (2) 10.2 - 
Infauna 
Nereid polychaete Nereis diversicolor MF 7.1±1.0 (2) -21.2±0.5 (2) 12.0 16.6 
Spionid 
polychaete Streblospio benedicti MF 8.0±1.0 (2) -20.6±0.4 (2) 16.0 7.0 
Sabellid 
polychaete Manayunkia aestuarina CW 7.8±0.6 (2) -21.4±0.4 (2) 53.5 0.0 
Oligochaete 
Paranais litoralis MF 
CW 
7.9±1.1 (2) 
7.1±0.5 (2) 
-19.8±0.8 (2) 
-18.4±0.5 (2) 
6.6 
55.0 
0.0 
17.0 
Fish 
Killifish Fundulus heteroclitus  9.5±0.9 (6) -19.7±2.2 (4) 9.6 - 
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Figure 5.1.  Dual natural abundance δ15N and δ13C plot.  Excluding copepods, values reported 
are means of baseline samples.  Copepod values are single isotope values from baseline 
collections.  Abbreviations for infauna collected from the mudflat habitat include N. diversicolor 
(A), S. benedicti (B), P. litoralis (C), Scottolana sp. (D) and Nannopus sp. (E).  Abbreviations 
for infauna collected from the creek-wall habitat include M. aestuarina (F), P. litoralis (G), L. 
savigyni (H), Nannopus sp. (I).  Other abbreviations include F. heteroclitus (J), P. pugio (K), P. 
vittata (L), I. obsoleta (M), G. demissa (N), O. grillus (O) and M. bidentata (P).    
 
model indicated that S. alterniflora was not important to the diets of O. grillus, P. vittata or M. 
bidentatus.  Neither S.alterniflora nor S. patens/shortS. alterniflora were important to the diet of 
the high marsh, epifaunal species, P. vittatta.  The combined Spartina spp. dietary contributions 
were ~50% for O. grillus and M. bidentatus and < 20% for P. vittata indicating that algae 
contributed at least 50% of the diets of O. grillus and M. bidentatus and at least 80% to the diet 
of P. vittata.  S. alterniflora was a potentially important dietary resource for I. obsoleta (mudflat 
habitat) contributing at least 24% of its diet. S. alterniflora may also contribute from 0-31% of 
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the diet of grass shrimp.  SPOM was important to the diet of F. heteroclitus at 33-79%, G. 
demissa at 100%, P. vittata at 35-83%, N. diversicolor 83-97%, S. benedicti at 67-90% and S. 
canadensis at 100%.  Dietary contributions from filamentous algae, epiphytic diatoms and MPB 
were all unresolved (Table 5.2).   
Table 5.2.  Resource contributions calculated with IsoSource for consumers collected at time 0 
and after 42 days of 15N additions.  Primary producers included in the mixing model were S. 
alterniflora, combined S. patens and stunted S. alterniflora, phytoplankton (M. aestuarina and G. 
demissa served as a proxy - see methods), filamentous algae, epipelic diatoms in mudflat and 
epiphytic diatoms in creek wall.  Values reported are ranges of potential dietary contributions.  
Abbreviations include mudflat (MF), creek wall (CW), tall S. alterniflora (SA), S. patens (SP), 
stunted S. alterniflora (SSA), phytoplankton (PP) and filamentous algae (FA).  
 
Organism 
 
Habitat 
 
SA 
 
SP/SSA 
 
PP 
 
FA 
 
Epiphytes 
 
Epipelic 
Baseline        
Palaemonetes pugio Creek 0-31 0-18 0-56 0-100 0-82 0-71 
Orchestia grillus SP 0-8 8-42 0-56 0-27 0-53 0-78 
Leptochelia savignyi CW 0-10 0-21 5-74 0-36 0-71 0-83 
Scottolana canadensis 
Nannopus palustris 
 
MF 
MF 
CW 
0 
0-15 
0-18 
0 
0-17 
0-8 
100 
10-74 
24-40 
0 
0-52 
0-47 
0 
0-88 
0-53 
0 
0-64 
0-52 
Philoscia vittata SP 0-1 0-18 35-83 0-6 0-13 0-65 
Guekensia demissa CW 0 0 100 0 0 0 
Ilyanasa obsoleta MF 24-52 0-13 0-40 0-75 0-59 0-52 
Melampus bidentata SP 0-6 15-40 0-60 0-21 0-42 0-83 
Nereis diversicolor MF 0-3 0-4 83-97 0-10 0-15 0-17 
Streblospio benedicti MF 0-11 0-5 67-90 0-26 0-33 0-21 
Paranais litoralis 
 
MF 
CW 
0-1 
0-1 
0-21 
5-31 
22-79 
0-63 
0-4 
0-38 
0-9 
0-75 
0-78 
0-88 
Manayunkia aestuarina CW 0-2 0-2 92-100 0-5 0-7 0-8 
Fundulus heteroclitus Creek 0-17 0-10 33-79 0-50 0-66 0-40 
 
After 42 days of 15N addition 
      
Palaemonetes pugio Creek 0-77 0-73 0-12 0-15 0-31 0-23 
Orchestia grillus SP 0-86 0-81 0-9 0-10 0-21 0-18 
Leptochelia savignyi CW 0-22 0-21 0-32 0-47 0-97 0-60 
Scottolana canadensis 
Nannopus palustris 
MF 
MF 
0-1 
0-16 
0-1 
0-15 
99-100 
8-56 
0 
0-29 
0 
0-57 
0-1 
0-90 
 CW NO FEASIBLE SOLUTION 
Philoscia vittata SP 0-36 55-90 0-2 5-8 0-7 0-4 
Guekensia demissa CW NO FEASIBLE SOLUTION 
Ilyanasa obsoleta MF 0-72 0-68 11-27 0-5 0-11 0-21 
Melampus bidentata SP 0-95 0-90 0-6 0-5 0-10 0-13 
Nereis diversicolor MF 0-26 0-25 26-58 0-17 0-34 0-58 
Streblospio benedicti MF 0-7 0-7 53-81 0-13 0-27 0-44 
Paranais litoralis 
 
MF 
CW 
0-22 
0-14 
0-21 
0-13 
64-75 
0-45 
0-5 
0-42 
0-10 
0-91 
0-18 
0-76 
Manayunkia aestuarina CW 0-1 0-1 99-100 0 0 0 
Fundulus heteroclitus Creek 0-41 0-39 39-55 0-6 0-13 0-24 
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    IsoError.  The three-source model was used in mudflat and creek-wall habitat to determine 
the relative dietary contributions of S. alterniflora, phytoplankton and epipelic/epiphytic 
diatoms.  In many cases, the three-source mixing model yielded large overlapping standard 
deviations and relative primary producer contributions to the diet were unresolved (Table 5.3).  
Because relatively fewer primary producers were used in the three-source mixing model, 
elevated criteria were utilized to determine dietary importance of primary producers.  Thus, 
maximum basal resource contributions ≤ 25% were considered unimportant to the diet while 
only primary producer contributions ≥ 40% were considered important for this study.  
Interpretations of mixing model results are based on minimum resource contributions as 
determined by means and standard deviations.  Non-overlapping standard deviations were used 
to suggest significant differences.   
 Dietary contributions as determined by the three-source model were primarily unresolved 
at the start of the isotope addition (Table 5.3).  However, IsoError did reveal that S. alterniflora 
was not important to the diet of P. litoralis (mudflat habitat), M. aestuarina (creek-wall habitat), 
L. savignyi (creek-wall habitat) and N. palustris (creek-wall habitat).  The only other definitive 
result from IsoError was SPOM contributed from 100.0 ± 52.8‰ of the diet of M. aestuarina 
(creek-wall habitat).   
15N-tracer Addition.  
    Primary Producers.  Water-column 15NO3- additions were targeted at 1000‰.  However 
during the first week of the 15N-tracer addition, background NO3- concentrations were 
unexpectedly lower (~1.3 µM) than time 0 concentrations (~1.7 µM) (time-0 measurements were 
used to calculate 15N-addition amounts necessary to achieve the targeted goal), resulting in water 
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Table 5.3. Resource contributions calculated with the three-source mixing model, IsoError, at 
time 0 and at the end of the 42-day 15N addition.  The three basal resources used in the mixing 
model were tall S. alterniflora (TSA), phytoplankton (mean of G. demissa and M. aestuarina 
isotope values served as a proxy - see methods), and local microalgae (MPB; epipelic diatoms in 
mudflat and epiphytic diatoms in creek wall).  Values reported are means ± standard deviations.  
Abbreviations include mudflat (MF), creek wall (CW).  
 
Organism 
 
Habitat
 
S. alterniflora Phytoplankton
 
MPB 
 
Baseline 
 
   
Leptochelia savignyi CW 2 ± 15 39 ± 16 58 ± 25 
Scottolana canadensis 
Nannopus palustris 
 
MF 
MF 
CW 
1 ± 33 
14 ± 31 
2 ± 14 
90 ± 71 
46 ± 65 
59 ± 23 
10 ± 103 
40 ± 94 
38 ± 34 
Nereis diversicolor MF 1 ± 33 90 ± 71 10 ± 103 
Streblospio benedicti MF 6 ± 32 78 ± 69 16 ± 100 
Paranais litoralis 
 
MF 
CW 
1 ± 23 
12 ± 22 
80 ± 48 
6 ± 32 
19 ± 70 
82 ± 47 
Manayunkia aestuarina CW 0 ± 25 100 ± 53 0 ± 47 
 
After 42 days of 15N addition    
Leptochelia savignyi CW 2 ± 13 2 ± 15 97 ± 22 
Scottolana canadensis 
Nannopus palustris 
 
MF 
MF 
CW 
0 ± 11 
2 ± 22 
11 ± 12 
100 ± 14 
3 ± 23 
13 ± 12 
0 ± 17 
95 ± 4 
76 ± 1 
Nereis diversicolor MF 15 ±15 28 ± 17 57 ± 15 
Streblospio benedicti MF 0 ± 10 90 ± 14 10 ± 18 
Paranais litoralis 
 
MF 
CW 
12 ± 11 
2 ± 12 
55 ± 13 
7 ± 14 
33 ± 14 
90 ± 21 
Manayunkia aestuarina CW 0 ± 10 100 ± 12 0 ± 13 
 
column δ15NO3- of ~1500‰ (Drake et al. submitted).  During the second week, background 
NO3- concentrations increased to 14 – 20 µM (Figure 5.2) and remained at these elevated levels 
for the duration of the 15N-addition period (42 days) resulting in water column 15NO3- of 20-
300‰.  As a result of fluctuating background NO3- concentrations, SPOM δE was high during 
the first 4 days of the addition reaching a maximum δE of ~325‰ on day 3 (Figure 5.3; Table 
5.1).  By day 5, SPOM δE decreased to 0-5‰ and stayed at these low levels for the remainder of 
the addition (Figure 5.3; Table 5.1).  MPB δE reached 25‰ on day 3 and fluctuated between 6 
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and 35‰ throughout the 42-day addition.  Peak tracer enrichment (δE) was reached on day 10 at 
~70‰ and day 14 at ~50‰ for filamentous algae and associated epiphytic diatoms, respectively 
(Table 5.1, Figure 5.3).  On day 42, live leaf tissue of S. alterniflora and S. patens was enriched 
above background values at ~11‰ and ~9‰ respectively (Table 5.1).       
 
Figure 5.2.  Daily background water column NO3- concentrations (µmol/L) over the 42-day 15N-
addition.   
    Consumers.  All consumers were enriched in 15N above background levels over the addition 
period (Figures 5.4-5.6); however, 15N-enrichment in some consumers was very low.  Consumer 
δE differed between species and across the intertidal gradient.  Natural abundance δ13C values for 
some consumers changed substantially over the 42-day 15N-addition (ending in September), 
indicating a temporal change in diet.  
    Mudflat.  Maximum δE was reached on day 42 for N. diversicolor and was 44% of the 
maximum δE of MPB, the dominant primary producer found in the mudflats (Figure 5.4a).  
Maximum δE found in S. benedicti, P. litoralis and S. canadensis was 65%, 33% and 25% that of 
MPB, respectively (Figure 5.4a).  δE in N. palustris reached 100% that of MPB.  I. obsoleta was 
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Figure 5.3.  δE (nitrogen) of primary producers over the 42-day 15N-addition.  Epipelic diatoms 
were collected from mudflats; epiphytic diatoms were associated with filamentous algae in 
creek-wall habitat.   
 
 slightly enriched above background values at 25% of MPB (Figure 5.4a and 5.5a).  Natural 
abundance δ13C values for mudflat consumers changed little over the 42 days indicating no 
change in diet (Figure 5.4b).  However, natural abundance δ13C values were not determined for 
N. palustris and S. canadensis on day 42.  
    Creek Wall.  δE in two suspension feeders, the polychaete, M. aestuarina and the ribbed 
mussel, G. demissa, was highest during the first 10 days of the addition but quickly dropped off 
to low levels of enrichment for the remainder of the addition (Figure 5.4c and 5.5a).  After the 
first 10 days, δE in M. aestuarina and G. demissa did not exceed 7‰ and 8‰, respectively.  
Mean peak δE, the average δE over the last 3 weeks of the 15N-addition, for L. savignyi, N. 
palustris and P. litoralis was 34‰, 52‰ and 43‰, respectively after 42 days.  Filamentous 
algae and associated epiphytes were the dominant labeled resources available to creek wall 
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Figure 5.4.  a) δE (nitrogen) over the 42-day 15N-addition for mudflat infauna including the 
polychaetes, Nereis diversicolor and Streblospio benedicti; an oligochaete, Paranais litoralis; 
two harpacticoid copepods, Nannopus palustris and Scottolana canadensis and the mud snail 
Ilyanasa obsoleta, and b) natural abundance δ13C values for N. diversicolor, S. benedicti and P. 
litoralis over the 42-day experiment, c) δE (nitrogen) over the 42-day 15N-addition for creek wall 
infauna, including P. litoralis; the tanaid, L. savignyi; N. palustris, a polychaete, Manayunkia 
aestuarina and the ribbed mussel Geukensia demissa and d) natural abundance δ13C values for P. 
litoralis, L. savignyi and M. aestuarina.  For mudflat infauna, epipelic diatoms supplied local 
labeled resources while filamentous algae and associated epiphytes were labeled in creek-wall 
habitat.  
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Figure 5.5.  δE (nitrogen) over the 42-day 15N addition for a) the mud snail, I. obsoleta, from 
mudflat habitat and the ribbed mussel, G. demissa, from creek-wall habitat, b) natural abundance 
δ13C values over the 42-day experiment, c) δE (nitrogen) over the 42-day 15N-addition for and the 
amphipod, Orchestia grillus and the isopod, Philoscia vittata from under the S. patens canopy 
and the coffee bean snail, Melampus bidentatus from under the stunted S. alterniflora canopy 
and d)  natural abundance δ13C values over the 42-day experiment.   
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Figure 5.6.  A dual isotope plot of observed averaged δE (nitrogen) from the last two weeks of 
the addition and an averaged natural abundance δ13C value from the same time points of 
consumers and primary producers where primary producers were an average of observed δE from 
day 14 to day 42.  Excluding copepods, values reported are means.  Copepod values are single 
isotope values from baseline collections (δ13C) and after 42 days of 15N additions.  Abbreviations 
for infauna collected from the mudflat habitat include N. diversicolor (A), S. benedicti (B), P. 
litoralis (C), S. canadensis (D) and N. palustris (E).  Abbreviations for infauna in the creek-wall 
habitat include  M. aestuarina (F), P. litoralis (G), L. savygni (H) and N. palustris (I).  
Abbreviations from macrofauna include F. heteroclitus (J), P. pugio (K), P. vittata (L), I. 
obsoleta (M), G. demissa (N), O. grillus (O) and M. bidentata (P).    
 
consumers.  After day 10, δE of filamentous algae (~60‰ to 70‰) remained relatively constant 
for the remainder of the addition (Figure 5.3).  Average peak δE was 35‰ for epiphytic diatoms; 
however, epiphytes reached a maximum δE of ~50‰ on day 14.  Excluding L. savignyi, natural  
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abundance δ13C values for organisms in the creek wall changed little over the 42 days indicating 
no diet change (Figure 5.4d and 5.5b).     
     High-marsh Epifauna.  The 15N-tracer was taken up by the three high marsh epifauna, O. 
grillus, P. vittata and M. bidentatus.  However, enrichment above background was relatively 
low, especially for M. bidentatus (Figure 5.5c).  Interestingly, δ13C natural abundance isotope 
values for all three consumers were substantially higher at the end of the 42 days suggesting an 
increase in the dietary importance of Spartina spp. presumably due an unexpected temporal 
change in diet (Figure 5.5d, Table 5.5).     
    Nekton and Zooplankton.  Both F. heteroclitus and P. pugio were enriched above 
background levels.  Peak δE was relatively higher for P. pugio at 12‰ on day 30 compared to 
peak δE in F. heteroclitus at 10‰ (Figure 5.7a).  Natural abundance δ13C values for F. 
heteroclitus remained relatively low throughout the 42 days indicating no change in diet.  
However, P. pugio δ13C values increased gradually over the 42 days and were ~2.5‰ higher at 
the end of the additions compared to baseline δ13C values indicating an increase in the dietary 
importance of Spartina spp. (Figure 5.7b).  Zooplankton consisting of the calanoid copepods, 
Acartia spp., were enriched above background values with a maximum δE of 12‰ on day 3 
(Figure 5.8). 
    IsoSource.  Ranges of potential resource contributions were determined for all collected 
primary producers (see methods for primary producers included in the model) with IsoSource 
using natural abundance δ13C values and δE of 15N values where both were averaged from 
samples collected over the last 4 weeks of the 15N-addition for primary producers and from the 
last 2 weeks of the 15N-addition for consumers.  Exceptions included Spartina spp.; Spartina spp. 
requires an aging process before it is available to the consumers analyzed in this study.  I 
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assumed that all Spartina detritus consumed within the 42 day 15N-addition was of an older, 
unlabeled source.  As a result, 0‰ was used for δE in 15N of Spartina spp. in mixing models.  
This model was used to determine the range of potential diets of all consumers collected from 
habitats across the tidal gradient after 42 days of 15N-addition.    
    Mudflat and Creek Wall.  Similar to baseline mixing model results for infauna, IsoSource 
revealed that S. alterniflora and S. patens were not important to the diets of infauna excluding N. 
diversicolor (mudflat habitat).  For N. diversicolor, potential dietary contributions from S. 
alterniflora ranged from 0-26%.  Maximum dietary contributions from Spartina spp. for the mud 
snail, I. obsoleta increased to 72% for S. alterniflora and to 68% for S. patens while maximum 
dietary contributions from algae decreased compared to baseline models (Table 5.2).  Similar to 
baseline mixing model results, SPOM was an important dietary resource for S. Canadensis 
(mudflat habitat), S. benedicti (mudflat habitat) and M. aestuarina (creek-wall habitat); minimum 
dietary contributions were 99% for S. canadensis (mudflat habitat) and M. aestuarina (creek-
wall habitat).  SPOM was also an important dietary resource for N. diversicolor and P. litoralis 
(mudflat habitat), where dietary contributions ranged from 26-58% and 64-75% of the 
diets, respectively (Table 5.2).  Dietary contributions from all other algal groups were either not 
important or were unresolved.  Specifically, the dietary importance of filamentous algae, 
epiphytic diatoms and MPB were unresolved for L. savigyni (creek-wall habitat), N. palustris 
(mudflat habitat) and P. litoralis (creek-wall habitat, Table 5.2).  Similarly, the dietary 
importance of epiphytic diatoms and MPB were unresolved for N. diversicolor and S. benedicti.   
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IsoSource could not determine feasible solutions for the diets of G. demissa and N. palustris 
(creek-wall habitat).    
    High-marsh Epifauna.  For high marsh epifauna, minimum dietary contributions from S. 
alterniflora were 0% but S. alterniflora had potential to contribution up to 36%, 86% and 95% of 
the diet of P. vittata, O. grillus and M. bidentatus, respectively (Table 5.2).  Similar results were 
found for S. patens, however, S. patens contributed a minimum of 55% of the diet of P. vittata.  
Unlike IsoSource results from baseline samples of epifauna, algal groups including SPOM, 
filamentous algae, epiphytic diatoms or MPB were not important to the diet of these consumers.  
The mixing model results combined with the gradual increase in δ13C natural abundance values 
over the 42-day 15N-addition data indicated that epifauna gradually switched over time from a 
potentially algal-based diet to a diet based almost exclusively on Spartina detritus (Figure 5.5b, 
Table 5.5).   
    Nekton.  Similar to baseline mixing model results, basal resource contributions to the diet of 
F. heteroclitus were highest for SPOM and ranged from 39-55%.  However, unlike baseline 
mixing model results, all other algal groups including MPB, filamentous algae and epiphytic 
diatoms were not important basal resources.  Potential dietary contributions from S. alterniflora 
and S. patens to the diet of F. heteroclitus ranged from 0-41% and 0-49%, respectively with little 
evidence for change over time.  Results for the grass shrimp, P. pugio, differed from baseline 
mixing model results.  Specifically, maximum dietary contributions from S. alterniflora and S. 
patens increased to 77% and 73%, respectively (Table 5.2).  Of the algal groups, only epiphytic 
diatoms had the potential to contribute to the diet of P. pugio and maximum potential 
contributions were relatively low for epiphytes at 31%.  The increase in grass shrimp δ13C values 
over the 42-day 15N-addition in combination with mixing model results indicated that grass 
182 
 
 
 
 
  
Figure 5.7.  a) δE (nitrogen) over the 42-day 15N-addition for the marsh nekton, Fundulus 
heteroclitus and Palaemonetes pugio and b) natural abundance δ13C values over the 42-day 
experiment.    
 
 
Figure 5.8. δE (nitrogen) of phytoplankton and zooplankton (calanoid copepods) over the 42-day 
15N-addition.   
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shrimp diets changed over time, with an increasing potential dietary contribution of Spartina 
detritus (Figure 5.7b).    
    IsoError.  The three-source mixing model, IsoError, was used to determine the relative 
dietary contributions from the three major basal resources:  S. alterniflora, phytoplankton and 
MPB.  IsoError was used only for infauna in mudflat and creek-wall habitats because infauna are 
relatively less mobile and gut content analysis indicates three major resource groups (i.e. 
Spartina spp., phytoplankton and MPB) for saltmarsh infauna.  Similar to IsoSource, natural 
abundance δ13C values and δE of 15N values for primary producers and consumers were used in 
IsoError where both were averaged from samples collected over the last 4 weeks (primary 
producers) and 2 weeks (consumers) of the 15N-addition respectively.    
 Results from IsoError after 42 days of 15N-additions indicated that S. alterniflora was not 
an important dietary resource for the mudflat infauna, S. canadensis , N. palustris, S. benedicti 
and P.litoralis and the creek wall infauna, L. savignyi, N. palustris and M. aestuarina (Table 
5.3).  Rather, SPOM was an important basal resource in the mudflat for S. canadensis (100.0 ± 
14.0%), S. benedicti (90.0 ± 14.0%) and P. litoralis (55.0 ± 13.0%) and was important to M. 
aestuarina (100 ± 12.0%) in the creek-wall habitat.  For mudflat infauna, MPB was an important 
dietary resource for N. palustris and N. diversicolor at 95 ± 4.0% and 57.0 ± 15.0% respectively.  
For creek wall infauna, epiphytic diatoms were important for L. savignyi at 97 ± 22.0%, N. 
palustris at 76.0 ± 1.0% and P. litoralis at 85.0 ± 28.0%.   
Dual 15N- and 13C-tracer Additions.  The 13C-enriched label was taken up by all targeted 
benthic algal primary producers:  MPB, filamentous algae and associated epiphytic diatoms.  
After 2 weeks of daily 13C-additions beginning on day 27 of the 15N-addition, MPB was enriched 
in both 13C and 15N above background values where δE was 37‰ and 20‰, respectively (Figure 
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5.9).  Similarly, filamentous algae and associated epiphytic diatoms were enriched in both 13C 
and 15N where δE in 13C was ~21‰ for both algal groups and δE in 15N was 70‰ and 35‰, 
respectively.    
 
Figure 5.9.  δE (nitrogen) and δE (carbon) of infauna where δE (nitrogen) was an average from the 
last two weeks of the 42-day 15N-addition and δE (carbon) was enrichment from day 14 of the 14-
day 13C-addition.  13C-additions began on day 27 of 15N-additions.  Abbreviations for infauna 
collected from the mudflat habitat include N. diversicolor (A), S. benedicti (B), P. litoralis (C), 
S. canadensis (D) and N. palustris (E).  Abbreviations for infauna collected from the creek-wall 
habitat include M. aestuarina (F), P. litoralis (G), L. savignyi (H), N. palustris (I). 
 
 In the mudflat, N. diversicolor, S. benedicti and N. palustris all became enriched in both 
13C and 15N above background values (Figure 5.9) indicating consumption of locally labeled 
MPB.   After day 42, 15N-addition and a simultaneous 2 week 13C-addition, δE in N. diversicolor, 
S. benedicti and N. palustrus was 17‰, 8‰ and 35‰ for 13C, respectively and was 9‰, 13‰  
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and 20‰ for 15N, respectively (Figure 5.9, 5.10a and 5.11a).  Uptake of both labels was minimal 
for S. canadensis indicating the importance of an unlabeled food resource.   
 In the creek-wall habitat, P. litoralis, L. savignyi and N. palustris became enriched in 
both 15N and 13C above background values indicating consumption of locally labeled filamentous 
algae and/or epiphytic diatoms.  δE in 13C and 15N for P. litoralis was 18‰ and 32‰, 
respectively.  L. savignyi had the highest δE in 13C at 38‰ with an 15N δE of 34‰.  Based on 
the level of enrichment in L. savignyi and P. litoralis, it is likely that epiphytic diatoms were 
important to the diet of these two consumers.  N. palustris was enriched in 13C and 15N above 
background values by 15‰ and 50‰ respectively (Figure 5.9, 5.10b and 5.11b).  The high 
level of 15N-enrichment in N. palustris suggests filamentous algae and epiphytic diatoms were an 
important dietary resource for this copepod (Figure 5.10b).         
 
 Figure 5.10.  δE (nitrogen) over the 42-day 15N-addition for a) phytoplankton, epipelic 
diatoms and mudflat infauna including the polychaetes, N. diversicolor and S. benedicti; an 
oligochaete, P. litoralis; two harpacticoid copepods, N. palustris and S. canadensis. and the mud 
snail I. obsoleta, and b) phytoplankton, filamentous algae and associated epiphytic diatoms and 
creek-wall infauna, including P. litoralis; the tanaid, L. savignyi; N. palustris, a polychaete, M. 
aestuarina and the ribbed mussel G. demissa.  (Figure continued) 
 
0
10
20
30
40
0 10 20 30 40 50
δE  (
N
it
ro
ge
n)
Days
Mudflat
Phytoplankton
Epipelic diatoms
N. diversicolor
S. benedicti
P. litoralis
N. palustris
S. canadensis
I. obsoleta
a) 
186 
 
 
 
 
 
 
 
 
 
 
0
20
40
60
80
100
0 10 20 30 40 50
δE  (
N
it
ro
ge
n)
Days
Creek Wall Phytoplankton
FA
Epiphytic 
diatoms
P. litoralis
L. savignyi
N. palustris
M. aestuarina
G. demissa
b) 
187 
 
 
 
Figure 5.11.  δE (carbon) and natural abundance δ13C of infauna from a) mudflat habitat and b) 
creek-wall habitat after 2 weeks of 13C-tracer additions and at the end of 42 days of 15N-tracer 
addition. Abbreviations for infauna collected from the mudflat habitat include N. diversicolor 
(A), S. benedicti (B), P. litoralis (C), S. canadensis (D) and N. palustris (E).  Abbreviations for 
infauna collected from the creek-wall habitat include M. aestuarina (F), P. litoralis (G), L. 
savignyi (H), N. palustris (I).  
 
DISCUSSION 
 I found multiple trophic pathways in which 15N- and 13C-tracers were incorporated into 
the saltmarsh food web.  Of the 15N- and 13C-labeled primary producers, MPB and epiphytic 
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diatoms contributed most to the saltmarsh food web.  Unlabeled food resources that were 
important basal resources included phytoplankton and Spartina detritus.  At the start of the 42-
day 15N-addition, Spartina dietary contributions were minimal.  However, the relative dietary 
contribution of Spartina spp. increased over the 42 days ending in early September for some 
saltmarsh consumers indicating a temporal (perhaps seasonal) increase in the dietary importance 
of Spartina spp.     
 The 15N- and 13C-tracers differentially labeled food resources allowing better resolution 
of dietary resources.  The large-scale, water column addition of enriched 15N resulted in highly 
labeled filamentous algae (~70‰); moderately labeled epiphytic diatoms (~35‰) and low levels 
of 15N-tracer in MPB (~20‰).  The 15N-enriched NO3- tracer addition was not considered 
sufficient to fertilize creeks and no effects of increased nitrate were apparent on primary 
producers (Drake et al. submitted).  15N-tracer uptake in phytoplankton changed with unexpected 
changes in background NO3- concentrations.  Low levels of NO3- at the start of the 15N-addition 
resulted in high phytoplankton δE.  The large increases in background NO3- that followed 
swamped the 15N-tracer reducing δE in phytoplankton to 0-5‰ for the remainder of the addition.  
Changes in 15N-tracer uptake by phytoplankton during the first week of the 15N-addition 
provided a unique enrichment pattern that was followed through the food web.  Unlike the 15N-
tracer, enriched 13C was added to small-scale plots to label only the local primary producers:  
MPB and filamentous algae and associated epiphytic diatoms.  The small-scale addition of 
enriched 13C helped to confirm the dietary importance of local algae.    
  Results from the mixing model, IsoSource, were largely inconclusive leaving the dietary 
contributions of many benthic fauna unresolved regardless of tracer addition.  However, for 
some consumers IsoSource more frequently indicated basal resources that were not important to 
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diets.  At the start of the 15N-tracer addition, dietary contributions from Spartina were relatively 
low for most consumers while dietary contributions from phytoplankton were high for only a few 
consumers.  Dietary contributions from other algal resources were primarily unresolved.  After 
42-days of 15N-tracer addition, primary producer contributions changed for grass shrimp and 
high intertidal marsh epifauna as a result of changes in natural abundance δ13C values revealing a 
temporal decrease in the dietary importance of algae.  Dietary contributions for most other 
consumers changed little with the addition of 15N-tracer. 
 Dietary resolution was greatly improved with the 15N-addition and the three-source 
mixing model, IsoError.  With natural abundance stable isotopes (Time 0), IsoError primarily 
revealed basal resources that played a limited role in the diets of infauna (i.e. Spartina).  
However, after 42-days of 15N-addition, the diets of all infauna were better resolved and 
indicated the dietary importance of phytoplankton and MPB throughout the 42-day experiment.   
Mudflat Habitat.  In the mudflat, MPB was an important food resource for the meiobenthic 
copepod N. palustris.  Little is known about the diet of N. palustris; however, studies suggest 
that grazing diatoms is a common harpacticoid feeding strategy (Carman et al. 1997, Azovsky et 
al. 2005).  N. palustris is a poor swimmer (Fleeger, personal communication), and is not known 
to enter the water column with changes in tidal currents (Fleeger et al., 1984).  The moderate 15N 
and 13C label found in N. diversicolor and S. benedicti relative to MPB (and to N. palustris) 
indicates these consumers likely relied on a mixed diet of MPB and phytoplankton.  N. 
diversicolor lives in intricate burrows within the sediment matrix and has been shown to have a 
variety of feeding modes including selective surface-deposit feeding, subsurface feeding and 
suspension feeding.  The type of feeding mode utilized by N. diversicolor may depend on the 
type and availability of primary producers as well as the threat of predation (Harley 1950, Smith 
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et al. 1996, Vedel 1998).  N. diversicolor has been found in the gut contents of killifish from PIE 
and may be an important trophic intermediate linking primary producers to higher trophic levels 
(Chapter 4).   
 Similar to N. diversicolor, S. benedicti has flexible feeding modes that include selective 
surface deposit feeding and suspension feeding.  S. benedicti is a spionid polychaete and the type 
of feeding mode utilized by spionids has been shown to depend on the flux of organic matter 
where these polychaetes surface deposit feed at low fluxes but suspension feed at higher fluxes 
(Taghon et al. 1980, Taghon 1983).   
 Both S. canadensis and P. litoralis were only slightly enriched in 15N above background 
levels and were not enriched in 13C,  indicating the importance of an unlabeled food resource.  S. 
canadensis is a meiobenthic copepod that, similar to close relative Coullana sp., migrates up into 
the water column to feed on phytoplankton (Decho et al. 1986, Lonsdale and Levinton 1989, 
Simenstad et al. 1990, Maddi et al. 2006).  The low level of 15N-enrichment and lack of 13C-
enrichment together with low natural abundance δ13C values indicated that basal resources of S. 
canadensis were almost exclusively phytoplankton.  However, high natural abundance δ15N 
values indicate the importance of a trophic intermediate, most likely water-column dwelling 
protozoans (Heinle et al. 1977).  The low levels of tracer incorporation and relatively low natural 
abundance δ13C values for P. litoralis indicated that this oligochaete most likely relied on a 
mixture of detrital MPB and phytoplankton.  Oligochaetes such as P. litoralis have traditionally 
been considered subsurface deposit feeders that consume sediment organic matter as they move 
through the sediment matrix (Fauchald and Jumars 1979).  Surface and water column algae were 
previously thought to be a food resource unavailable for subsurface feeders (Lopez and Levinton 
1987); however, recent studies have shown that surface and settled phytoplankton may be an 
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important dietary resource for subsurface deposit feeders (Levin et al. 1999, Holmes et al. 2000, 
Hughes et al. 2000).  Detrital MPB and phytoplankton may be available to subsurface deposit 
feeders through the burrows of other infauna (Papaspyrou et al. 2006) or when surface deposits 
are drawn down to sediment depths through the activity of other infauna (Josefson et al. 2002).  
Creek-wall Habitat.  Filamentous algae and associated epiphytes were differentially labeled in 
tracer 15N, where maximum average δE in epiphytic diatoms was half that of filamentous algae.  
The difference in tracer uptake likely increased diet resolution in this habitat with mixing 
models.  Filamentous algae were important to the diet of only one investigated consumer, the 
meiobenthic copepod, N. palustris.  N. palustris has reduced mouthparts compared to amphipods 
and larger crustaceans, suggesting it may use detrital algae or perhaps epiphytic diatoms that 
varied in 15N-enrichment.  The lack of specialized mouthparts for shredding algae most likely 
limits the use of filamentous algae for many infauna species.  However, epiphytic diatoms on 
filamentous algae are abundant in the creek-wall habitat and may be a more suitable food source 
due to size.  Of the creek-wall infauna, epiphytic diatoms were important for the oligochaete P. 
litoralis, and the tanaid, L. savignyi; both consumers relied almost exclusively on a diet of 
epiphytes.  Although lacking external feeding structures, P. litoralis likely consumes epiphytes 
loosely attached and shaken loose by tidal flow or some other action such as that of another 
consumer.  Gut-content analysis has previously revealed consumption of epiphytic diatoms by P. 
litoralis (Chapter 3).  A food web study conducted in a Japanese estuarine lagoon, revealed the 
dietary importance of epiphytic diatoms to the amphipod, Amphithoe valida and the polychaete, 
Capitella sp. (Kanaya et al. 2007).  L. savignyi is an abundant, yet patchy, tube-building tanaid 
found primarily in creek-wall habitat.  Little is known about the life history of L. savignyi 
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(Woodin 1974).  Microscopic examination of living specimens revealed L. savignyi partially 
emerges from its tube to feed on epiphytes.   
 The suspension feeders M. aestuarina and G. demissa reached peak 15N enrichment 
within the first 2 weeks of the 15N-addition.  However, enrichment in both consumers decreased 
quickly thereafter.  The pattern of enrichment found in both consumers was similar to 15N 
enrichment in phytoplankton but with a small time lag indicating the dietary importance of 
phytoplankton (Figure 5.9b).  Both consumers have been reported to feed on phytoplankton.  
However, the diet of the ribbed mussel, G. demissa may change with season and location within 
the estuary (Kreeger and Newell 2000 and references therein).  For example, Kreeger and Newell 
(2000) reported phytoplankton contributed the most to the diet of G. demissa during summer 
months while microheterotrophs and Spartina detritus were more important in the winter.   
Peterson et al. (1985) found that the relative dietary importance of S. alterniflora and 
phytoplankton varied depending on the location within the marsh.  Specifically, S. alterniflora 
was a more important food resource for G. demissa inhabiting the more landward regions of an 
estuary while phytoplankton dietary contributions increased for G. demissa located in the outer 
more seaward regions.    
Epifauna.  At the start of the 15N-addition, the epifauna, O. grillus, P. vittata and M. bidentatus. 
had natural abundance δ13C and δ15N values suggestive of an algal diet and mixing models 
indicated that algae comprised >50% of the diet of all three taxa.  However, natural abundance 
δ13C values increased throughout the 42-day 15N-addition beginning in July.  By early 
September, P. vittata and M. bidentatus had natural abundance δ13C values similar to Spartina 
detritus.  The increase in natural abundance δ13C and relatively low levels of 15N enrichment 
indicated that these consumers relied almost exclusively on a diet of Spartina detritus.  The 
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change in diet suggested that a seasonal increase in the dietary importance of Spartina detritus 
for the high intertidal marsh consumers may occur.  Studies have reported the importance of 
macrophytes (Rietsma et al. 1988, Agnew et al. 2003) and algae (Lopez et al. 1977, Thomas 
1984) to the diets of amphipods and the coffee bean snail, M. bidentatus, but to the best of my 
knowledge, reports of seasonal dietary shifts are unknown.   
Nekton.  Because nekton tissues may not have reached equilibrium over the 42-day 15N-
addition, dietary contributions are provided for nekton with the caveat that results may 
underestimate the importance of labeled resources.  Mixing model results indicated 
phytoplankton was an important basal resource for the saltmarsh killifish, F. heteroclitus.  
Killifish were not likely consuming phytoplankton directly from the water column.  Instead, 
studies have shown that killifish consume abundant suspension feeders such as M. aestuarina, N. 
diversicolor and S. benedicti (Valiela et al 1977, Kneib et al. 1980, Kneib and Stiven 1982) and 
benthic and pelagic copepods.  An exclusion study within the PIE revealed increases in surface 
deposit feeders with removal of killifish and grass shrimp (Johnson 2008).  Additionally, killifish 
may inadvertently consume settled phytodetritus when preying on benthic fauna.  Stable isotope 
studies have revealed the dietary importance of phytoplankton to F. heteroclitus (McMahon et al. 
2005, Fry et al. submitted).  Unlike grass shrimp and epifauna, I found no evidence of a temporal 
shift in diet for killifish.  Mixing model results for grass shrimp indicate that algae were 
important basal resources at the start of the 42-day addition while Spartina spp. was of relatively 
lower dietary importance.  However, natural abundance δ13C values of grass shrimp increased 
throughout the 42-day addition and mixing model results indicated that algal contributions  
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decreased while the dietary importance of Spartina detritus increased, though epiphytes could 
still contribute up to 31% of the diet of P. pugio.   
 F. heteroclitus and P. pugio are important omnivorous consumers of small benthic 
infauna, including annelids and small crustaceans, as well as plant and algal material (Cross and 
Stiven 1999, Kneib 1997, Kneib 1986).   Interactions between F. heteroclitus and P. pugio are 
complex where F. heteroclitus both consume and compete with P. pugio for food resources.  F. 
heteroclitus may restrict the use of the marsh landscape by grass shrimp (Carson and Merchant 
2005, Kunz et al. 2006) and are therefore thought to restrict the diet of P. pugio (Chapter 4 and 
reference therein).  Specifically, P. pugio seek refuge in the high intertidal marsh when tides 
permit.  The restricted use of the marsh landscape by P. pugio may have resulted in an increase 
in the dietary importance of Spartina spp.       
Overall Food Web Dynamics.  Although replication was low, patterns of enrichment over the 
42-day experiment were somewhat consistent and consumers showed either high enrichment or 
low enrichment with few exceptions.  Microalgae including MPB, epiphytic diatoms and 
phytoplankton were important to the saltmarsh food web.  Although primary production of 
microalgae in salt marshes is generally lower than macrophyte production (Mann 1988), 
microalgae are relatively more nutritious than macrophytes (Tenore 1988).  Microalgae, 
especially diatoms, are high in nitrogen and contain a wide spectrum of fatty acids important in 
secondary production (Tenore 1988).  Furthermore, because microalgae can be directly 
consumed and do not require an aging process as found with Spartina spp., microalgae may be 
more readily available for consumption and ultimately assimilation.  Numerous food web studies 
from different geographic locations have found microalgae to have an important role in 
saltmarsh food webs.  For example, Sullivan and Moncreiff (1990) found MPB were important 
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to the diet of most consumers in a Mississippi salt marsh.  The importance of MPB in food webs 
has been shown for salt marshes in California (Page 1997, Zwak and Zedler 1997), North 
Carolina (Currin et al. 1995), Delaware (Wainright et al. 2000) and Massachusetts (Galván et al. 
2008).   
 Due to the limited volume of water in tidal creeks and the abundance of Spartina spp. 
detritus in the water column, phytoplankton in salt marshes is usually considered to have a 
reduced importance in food webs.  However, stable isotope and gut content analyses have 
repeatedly shown the importance of phytoplankton in saltmarsh creeks, even the marsh platform, 
of the PIE (Galván et al. 2008, Chapter 3).  Measures of primary production in saltmarsh creeks 
are needed to further our understanding on the role of phytoplankton in these systems.      
 The creek wall is a unique habitat in its vertical structure and abundance of filamentous 
algae and epiphytic diatoms.  Highest infauna abundances across the intertidal gradient are found 
in the creek wall.  Companion studies involving large-scale additions of nutrients to whole 
saltmarsh creeks found most nutrient effects on infauna were in the creek-wall habitat and 
included changes in ostracod abundances, increases in reproductive indices of copepods, 
alterations to the copepod and annelid community and changes in the diet to epiphytic diatoms 
(Fleeger et al. 2008, Chapter 3).  The creek-wall habitat covers a relatively small area compared 
to the adjacent marsh platform, yet these results suggest the creek-wall habitat plays a 
disproportionate role in the structure and function of salt marshes and is likely due to the rapid 
response of fast growing filamentous algae and associated epiphytic diatoms.  Few studies have 
reported consumption of epiphytic diatoms, likely due to their small size.  However, Kanaya et 
al. (2007) reported that epiphytic diatoms associated with macroalgae were important food 
resources for amphipods and the polychaete, Capitella sp.  The dietary importance of epiphytic  
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diatoms and their rapid response to nutrient additions suggest that future food web studies in salt 
marshes should include epiphytic diatoms.   
 By the end of the 42-day addition, relatively low levels of 15N-tracer were found in leaf 
tissue of S. alterniflora and S. patens.  Because incorporation of macrophytes in the aquatic 
saltmarsh food web is primarily through a detrital pathway that requires a relatively long aging 
process, it is doubtful that any consumer 15N-enrichment occurred via consumption of Spartina 
spp.  Instead, food web incorporation of Spartina spp. throughout the addition of 15N-tracer was 
likely of an older, unlabeled source.   
 At the start of the 15N-tracer addition, Spartina spp. dietary contributions were low for 
most consumers (Table 2 and 3).  However, the dietary importance of Spartina spp. increased 
over the 42-day addition for grass shrimp and the three high marsh, epifauna: O. grillus, P. 
vittata and M. bidentatus.  Previous food web studies in saltmarsh creeks in the PIE have 
revealed limited dietary contributions from Spartina spp. (Chapters 2 and 3); however, those 
studies were conducted from mid-May to the first few weeks of August.  Data presented here 
were collected from mid-July to early September and likely captured a temporal change in diet 
missed by previous studies.  For consumers in the high intertidal marsh, this study indicates a 
seasonal change from an algal based diet to one almost exclusively based on Spartina detritus.   
 The seasonal increase in the importance of Spartina spp. in the high intertidal marsh may 
be a result of decreases in algal abundances.  Estrada et al (1974) found that growth of 
macrophytes reduced light availability to algae under macrophyte canopies and inhibited algal 
growth.  Sullivan and Daiber (1975) and Whipple et al. (1981) found increases in edaphic algae 
under the canopy of S. alterniflora after the leaves or stems of S. alterniflora were clipped.  
Thus, increases in Spartina spp. growth prior to and throughout the 42-day isotope addition may 
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have reduced light levels below the Spartina spp. canopy resulting in reduced algal abundances 
and a reduced dietary role for algae.  Furthermore, day length greatly decreases later in the 
growing season in northern habitats such as PIE.   HPLC analysis conducted on sediments from 
under the Spartina spp. canopies revealed benthic algal biomass was lower relative to previous 
months and creek habitats (Galván unpublished data).  In addition, differences in sediment 
nutritional quality over time due to consumption of more labile organic matter resources such as 
algae have been shown in salt marshes (Cheng et al. 1993) and exclusions of grazers from under 
the macrophyte canopy revealed increased in edaphic algae (Darley et al. 1981).  Thus, it is 
possible that grazing prior to the 42-day addition and reduced light levels as a result of 
macrophyte growth and shortened day length resulted in an increase in the dietary importance of 
Spartina spp. over time.  Furthermore, because increases in Spartina dietary contributions were 
found primarily in high intertidal consumers and not creek consumers, it is likely that shading in 
the high intertidal marsh reduced algal abundances resulting in a seasonal increase in the dietary 
importance of Spartina spp.   
Mixing Models.  The mixing models, IsoSource and IsoError, differed in their ability to resolve 
primary producer dietary contributions.  Both models revealed the low dietary importance of 
Spartina spp. and the high dietary contributions from phytoplankton at the start of the 15N-
addition.  However, IsoSource revealed these findings for more consumers than IsoError.  Both 
models revealed little about the dietary importance of primary producers with intermediate 
isotope values at the start of the study.  However, after the 42-day addition of enriched 15N 
IsoError showed greater dietary resolution of intermediate basal resources.  Specifically, the diets 
of all infauna were resolved after the 42-day 15N-addition with IsoError revealing the dietary 
importance of algae.  While maximum dietary contributions from intermediate resources 
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increased in IsoSource, most minimum contributions were zero resulting in uninformative wide 
ranges of dietary contributions.  Similar results were found for IsoSource in a previous food web 
study (Chapter 3).  
The use of isotope additions revealed primary producer contributions that natural 
abundance stable isotopes alone could not.  Prior to tracer additions, natural abundance stable 
isotope values of algae were similar making it difficult to determine basal resource contributions 
to the food web.  However, the addition of tracers differentially labeled primary producers and 
consumption of labeled primary producers was followed through the food web.  The combination 
of natural abundance stable isotopes and isotope tracers illuminated the dietary importance of 
microalgae including epipelic and epiphytic diatoms and phytoplankton, and revealed a temporal 
(perhaps seasonal) increase in the dietary importance of Spartina spp. likely a result of lower 
microalgal abundances.  Some consumers can be grouped based on resource use.  Specifically, 
G. demissa, S. canadensis, M. aestuarina and F. heteroclitus relied on phytoplankton as a basal 
resource.  In July, epifauna relied on a mix of algae and Spartina spp. but changed to a diet 
consisting almost exclusively of Spartina spp. by September.  P. litoralis (creek-wall habitat), N. 
palustris (creek-wall habitat) and L. savignyi relied on a diet of epiphytic diatoms.  Some 
consumers relied on a mixed diet of phytoplankton and epipelic diatoms including N. 
diversicolor, S. benedicti and P. litoralis (mudflat habitat) and some consumers changed diets in 
space (P. litoralis and N. palustris).   
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CHAPTER 6 
 
SUMMARY AND CONCLUSIONS  
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 I utilized a combination of natural abundance stable isotopes, isotope tracer additions and 
gut content analysis to determine the diet of saltmarsh consumers collected from tidal creeks 
within Plum Island Estuary, Massachusetts, USA (42˚44'N, 70˚52'W) and to address the effects 
of nutrient additions and species modifications on the saltmarsh food web.  I examined the δ15N 
and δ15C isotope composition of multiple primary producers and consumers from a wide range of 
functional groups.  Primary producers analyzed included suspended particulate organic matter 
(SPOM) as a proxy for phytoplankton, epipelic diatoms, filamentous algae, epiphytic diatoms 
and the living marsh macrophytes Spartina alterniflora and S. patens as a proxy for macrophyte 
detritus.  Eighteen consumers were analyzed including the ribbed mussel, Geukensia demissa, 
and the harpacticoid copepod, Scott0lana canadensis, (suspension feeders), the harpacticoid 
copepods Heterolaophonte sp. and Nannopus palustris and the tanaid, Leptochelia savignyi 
(substrate surface feeders), the polychaetes, Nereis diversicolor, Streblospio benedicti, Pygospio 
elegans, Manayunkia aestuarina and Fabricia sabella (infauna with flexible feeding modes that 
can suspension and/or surface deposit feed), the oligochaetes, Paranais litoralis and 
Cernosvitosviella immota (traditionally categorized as subsurface deposit feeders), epifauna 
including the mud snail, Ilyanasa obsoleta, the amphipod, Orchestia grillus, the isopod, 
Philoscia vittata and the coffee bean snail, Melampus bidentatus and nekton including two size 
classes of Fundulus heteroclitus and Palaemonetes pugio.  In addition, primary producers and 
consumers from multiple habitats from across the intertidal gradient including creek (mudflat  
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and creek wall) and marsh platform habitats (tall S. alterniflora, S. patens and stunted S. 
alterniflora) were examined for landscape differences. 
CHAPTER SUMMARIES 
 In Chapter 2, a combination of natural abundance stable isotopes and an 15N isotope 
addition was used to estimate the diets of deposit- and suspension-feeding infauna in four 
habitats in a saltmarsh creek.  Resolution of basal resource contributions was limited with natural 
abundance isotope analysis but suggested that Spartina detritus was of little dietary importance 
to infauna.  To better determine the relative dietary contribution of phytoplankton and 
microphytobenthos (MPB; epipelic and epiphytic diatoms), I added an 15N-enriched tracer to the 
sediment in mudflat and creek-wall habitats to target uptake in epipelic and epiphytic diatoms 
and to highly enrich microalgal isotope values compared to other primary producers.  Food-web 
incorporation of 15N-enriched MPB was found in most infauna but the amount of enrichment 
varied greatly among species indicating some consumers utilized an unlabeled food source.  
Specifically, the harpacticoid copepod, Heterolaophonte sp., was highly enriched relying on a 
diet almost exclusively of epiphytic diatoms whereas the sabellid polychaete, M. aestuarina, was 
only slightly enriched and utilized a diet of phytoplankton.  Gut-content analysis confirmed 
ingestion of microalgae by infauna.  Overall, infauna in mudflat, creek-wall, tall S. alterniflora 
and S. patens habitats relied on phytoplankton and MPB as dominant food resources.  
 In Chapter 3, natural abundance stable isotopes were used to determine the diet of benthic 
fauna, including infauna and epifauna, from habitats across the tidal gradient before (May) and 
after 10 weeks (in August) of fertilization with NaNO3 and NaPO4.  Prior to nutrient additions 
and in the nutrient reference creek after 10 weeks, important dietary resources were largely 
unresolved but isotope mixing models were useful in excluding potential dietary resources such 
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as Spartina spp. detritus which was of limited dietary importance for most consumers (except the 
subsurface deposit feeder, C. immota and the mud snail I. obsoleta regardless of habitat or time).  
 The 10-week addition of nutrients to the nutrient enrichment creek (NEC) did not 
dramatically alter the biomass of benthic algae in any habitat (Deegan et al. 2007).  However, the 
nutrient addition resulted in relatively lower δ15N isotope values in all examined algae compared 
to macrophytes.  The altered algal primary producer isotope values allowed for greater resolution 
of resource contributions.  The addition of nutrients also altered the relative contribution of basal 
resources to the diet of three infaunal species from three habitats.  Specifically, N. diversicolor 
(mudflat habitat) and M. aestuarina (creek-wall habitat) switched from a diet with high 
phytoplankton contributions to diets of epipelic and epiphytic algae respectively.  Also with 
nutrient additions, the oligochaete, C. immota, switched from a natural diet with high Spartina 
detritus dietary contributions to feeding primarily on epiphytic algae in the creek-wall and tall S. 
alterniflora habitats.  The diet shift was also confirmed by gut-content analysis of both M. 
aestuarina and C. immota.   
 In Chapter 4, I examined the effects of nutrient additions and reduction of a key fish 
species, the killifish, F. heteroclitus, on the diet of two intermediate consumers, P. pugio and 
small F. heteroclitus.  Nutrients were added to a whole saltmarsh creek with every incoming tide 
to mimic water column nutrient pollution.  To reduce the number of killifish, a block net was 
positioned across the right branch of two creeks (one receiving nutrient additions and one 
ambient nutrient creek) and supplemented with minnow traps.   
 Large killifish are omnivores that consume small conspecifics, grass shrimp, infauna as 
well as primary producers.  After 10 weeks of killifish reduction, the δ15N isotope values of some 
pooled P. pugio increased, suggesting some grass shrimp became more carnivorous when F. 
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heteroclitus was reduced in abundance.  However, similar changes were not found for small 
killifish despite consumption by adult conspecifics.  Similar to large killifish, both grass shrimp 
and small killifish are omnivores that prey on infauna and a reduction in killifish predation on 
infauna may be compensated by increases in grass shrimp predation.  Thus, the increase in 
carnivory by some grass shrimp with killifish reductions suggests trait-mediated effects on grass 
shrimp behavior by killifish and the omnivorous nature of both killifish and grass shrimp 
contribute to the general lack of top-down control over benthic infauna when killifish are 
reduced in abundance.   
 The complexity of interpreting dietary responses increased with nutrient additions.  
Specifically, the addition of nutrients altered the δ15N value of various algal groups making it 
difficult to determine if changes in isotope values were a result of changes in trophic position or 
from consuming δ15N-altered algae.  However, it appeared that nutrient enrichment had little 
effect on the diet of grass shrimp and killifish.  More work is needed to fully determine the 
effects of nutrients on the diet of saltmarsh consumers.  
 In Chapter 5, I examined the diet of saltmarsh consumers using a combination of natural 
abundance stable isotopes and multiple isotope additions.  15N-enriched tracer was added to the 
water column of a whole saltmarsh creek for 42 days (beginning in July) to label primary 
producers and allow for better dietary resolution.  Consumers investigated include nekton, 
epifauna and infauna.  A simultaneous 13C-enriched tracer was added to the benthos in two 
habitats on day 27 of the 42-day 15N addition to further elucidate basal resource use by important 
constituents of the infaunal portion of the benthos.   
 At the start of the 42-day addition, resolution of the relative dietary contributions was 
limited using natural abundance stable isotopes.  However, mixing models suggested Spartina 
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detritus was of minor dietary importance to many saltmarsh consumers.  Resolution of dietary 
contributions increased after 42 days of 15N-tracer addition for infauna and revealed the dietary 
importance of microalgae including phytoplankton and MPB to infauna and the killifish, F. 
heteroclitus.  Uptake of the 13C-tracer by infauna confirmed the utilization of local algal 
resources.  Changes in natural abundance δ13C values throughout the addition for high intertidal 
marsh consumers including O. grillus, P. vittata and M. bidentatus and the grass shrimp, P. 
pugio indicated a temporal change in diet over the 42 days from algae to Spartina spp. detritus-
based diets.  In addition, algal Chl a values were lower on the marsh platform at the end of the 
42-day addition compared to the start.  Specifically, mean Chl a values were 36.7 ± 1.6 mg/m2 in 
S. patens habitat in July but decreased to 9.5 mg/m2 in September in the same habitat 
(unpublished data).  These observations suggest that the relative importance of Spartina detritus 
and algae for some consumers may vary seasonally as shading and reduction in light may limit 
algal primary production late in the growing season.    
CONCLUSIONS 
Basal Resources and Infauna.  Spartina detritus was of limited dietary importance to most 
infauna in all habitats, over time, and with nutrient additions (Chapters 2, 3 and 5).  Overall, I 
found infauna relied on both phytoplankton and MPB regardless of feeding mode, habitat, time 
or nutrient level primarily with one exception, the subsurface deposit-feeding oligochaete, C. 
immota.  For example, N. diversicolor and Streblospio benedicti, are facultative suspension and 
selective surface deposit feeders that utilized a combination of phytoplankton and epipelic 
diatoms.  The diet of N. diversicolor primarily consisted of algae; however, the relative 
contributions of benthic and planktonic algae varied between habitats as well as with nutrient 
additions, indicating flexible feeding behavior (Chapters 2 and 4).  The polychaete, M. 
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aestuarina, primarily relied on a diet of phytoplankton regardless of habitat or time and I 
observed a varied diet only with nutrient additions in creek-wall habitat where epiphytic diatoms 
were exploited as a basal food resource (Chapter 3).  The presumptive subsurface deposit feeding 
oligochaete, P. litoralis, utilized a mixed diet of settled phytodetritus and MPB including 
epipelic diatoms in mudflat and epiphytic diatoms in the creek-wall habitat.  Unlike most other 
saltmarsh consumers, Spartina detritus was an important food resource for the subsurface 
feeding oligochaete and detritivore, C. immota, regardless of habitat or time.  However, C. 
immota switched diets to epiphytic diatoms in creek-wall and the tall S. alterniflora habitats with 
nutrient addition.  Oligochaetes have traditionally been classified as subsurface feeders that feed 
while burrowing through the sediment matrix.  Surface algae (including settled phytoplankton) 
may be made available to subsurface feeders through the action of other burrowing infauna (e.g., 
suspension feeding) and from wave action (Josefson et al. 2002).  All harpacticoid copepods 
studied relied on microalgae.  S. canadensis creates shallow burrows in mudflats but migrates up 
into the water column to feed.  The relatively high natural abundance δ15N value and lack of 
incorporation of isotope tracers (Chapter 5) supports another study that shows S. canadensis 
feeds on phytoplankton and water column protozoans (Heinle et al. 1977).  N. palustris 
exclusively fed on epipelic diatoms in mudflats but similar to Heterolaophonte sp., fed on 
epiphytic diatoms in creek wall.  The tanaid, L. savignyi, was only collected in creek-wall habitat 
and appeared to utilize a diet of epiphytic diatoms and possibly filamentous algae (Chapter 5).  
Contrary to other studies, I found little evidence that Spartina detritus was an important  
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component of the diet of the ribbed mussel, G. demissa (Chapters 3 and 5).  Instead, G. demissa 
relied primarily on a diet of phytoplankton. 
 Many species of infauna coexist in soft sediment habitats and they are often grouped 
based on presumed feeding styles in field studies (Posey et al. 2002, Posey et al. 1999, 
McClelland and Valiela 1998).  For example, functional grouping often groups all oligochaetes 
as subsurface deposit feeders and typically assumes Spartina detritus is the main food resource in 
salt marshes (Lopez and Levinton 1987).  However, I found differences in feeding mode between 
species and changes with nutrient enrichment that suggest some functional grouping may not be 
accurate.  Specifically, not all oligochaetes consumed Spartina detritus.  P. litoralis, utilized 
algal resources and C. immota switched from Spartina detritus to an algal resource after 10 
weeks of nutrient additions (Chapter 3).   Furthermore, recent studies suggest that deposit feeders 
may be regulated by bottom-up resources and if food quality is increased (increases in sediment 
algae relative to Spartina detritus), abundances of oligochaetes increase (Keats et al. 2004, Sarda 
et al. 1996, Cheng et al. 1993) further suggesting oligochaetes may not all be macrophyte 
detritivores.  Surface deposit-feeding mechanisms have been studied relatively more, and 
previous laboratory-based investigations have suggested flexible feeding modes for many 
surface-feeding infauna (Vedel 1998, Bock and Miller 1987, Lopez and Levinton 1987, Taghon 
et al. 1980, Harley 1950).  My results confirm that surface feeding infauna are flexible and 
suggests that feeding mode utilized may change with primary producer availability.  Therefore, 
studies of constraints and benefits could be done to predict what resources will be used under 
different conditions.  Constraints on resource use may be in the mechanical action of feeding 
structures as well as the availability of food resources and may restrict some species to a specific 
feeding mode.  Feeding modes used by some species (e.g., M. aestuarina) varied little across 
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habitats in the middle intertidal gradient (creek-wall, tall S. alterniflora and S. patens habitats) 
while others (specifically, N. diversicolor and S. benedicti) from the low intertidal habitat 
(mudflat) varied feeding mode with the tide.  Overall, this suggests that we do not know the full 
range of feeding modes exploited by infauna, especially in field situations with varying 
environmental conditions.  More studies are needed to fully understand basal resource use by 
infauna.   
Basal Resources and Epifauna.  Epifauna relied on Spartina detritus as a dietary resource more 
so than any other group of consumers, although contributions from Spartina rarely exceeded 
50% (Chapters 3 and 5).  Spartina detritus was an important food resource for the mud snail, I. 
obsoleta, regardless of nutrient concentration or time of year (Chapters 3 and 5).  The amphipod, 
O. grillus, the isopod, P. vittata, and the coffee bean snail, M. bidentatus, occupy habitats in the 
high marsh intertidal.  Diets of O. grillus, P. vittata and M. bidentatus consisted of a mixture of 
algae and Spartina detritus.  The percent dietary contribution from algae contributed 
substantially to the diets of these consumers from the late spring to mid-summer months.  
However, the dietary contributions of Spartina detritus increased later in the growing season 
when days were shorter, temperatures were lower and algal Chl a biomass decreased indicating 
that consumption of Spartina detritus was associated with the scarcity of algal resources.  Many 
laboratory studies suggest Spartina detritus is the dominant food resource utilized by these 
epifauna; however, algal resources were not offered in many cases (Agnew et al. 2003, Zimmer 
et al. 2002, Rietsma et al. 1988).  Instead, various saltmarsh grasses were used to determine diets 
in laboratory studies.  More recent work on similar species suggest snails and amphipods do not 
utilize Spartina detritus per se but instead scrape the surface of Spartina consuming primarily 
epiphytes including fungi, bacteria and various forms of algae (Lopez et al. 1997, Newell and 
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Porter 2000).  More field studies are needed to examine the diets of epifauna and seasonal 
changes in diet that may be associated with differences in food availability.   
Basal Resources and Nekton.  Gut content analysis indicated that small F. heteroclitus (<40 
mm) and P. pugio comprised a substantial portion of the diet of large (>70 mm) F. heteroclitus.  
In contrast, benthic and pelagic copepods were dominant in guts of small F. heteroclitus and 
pennate diatoms were more frequently found in the gut contents of small killifish than large 
killifish.  Isotope mixing models indicated basal resources utilized by both size classes of 
killifish included phytoplankton and epipelic diatoms with little change over time (Chapters 4 
and 5).  Similarly, algal resources were important to the diet of grass shrimp during spring and 
mid-summer months.  However, the relative contributions of algal resources could not be 
determined, although mixing model results suggest that epiphytic diatoms may be an important 
basal resource (Chapter 5).  Similar to the high intertidal marsh epifauna, the dietary contribution 
of Spartina detritus increased later in the growing season (September) for grass shrimp 
suggesting a seasonal change in diet.  Furthermore, natural abundance δ15N values indicate that 
some grass shrimp became more carnivorous with killifish reduction suggesting large killifish 
may exerted trait-mediated top-down control on the diets of some P. pugio (Chapter 4).  The 
change in diets of P. pugio with killifish reduction was likely due to changes in the use of the 
marsh landscape.  Studies have shown that F. heteroclitus restrict the use of the marsh landscape 
by grass shrimp and small conspecifics (Carson and Merchant 2005, Kunz et al. 2006).  
However, I found no evidence that small killifish diets were affected by the reduction of killifish 
and not all grass shrimp diets changed with killifish reduction.  It is likely that different behavior 
responses by individual P. pugio with reduction of F. heteroclitus were a function of heritable 
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variation as well as variations between and within saltmarsh habitats such as the amount of 
resources, the quality of resources and/or the proximity of P. pugio to resources.  Thus, it may be  
that changes in shrimp diets with killifish reduction were found for grass shrimp that utilized a 
specific area or habitat within the creeks.   
Landscape and Diet.  Overall the natural diets of most consumers from creek habitats consisted 
primarily of phytoplankton and/or edaphic algae except for the Spartina detritivores, C. immota 
and I. obsoleta.  Similarly, on the marsh platform, both phytoplankton and edaphic algae were 
important to the diet of many consumers.  However, Spartina dietary contributions were 
generally higher for epifauna from the high marsh platform and were often equal to or greater 
than dietary contributions from algae.  Specifically, Spartina dietary contributions increased late 
in the growing season for marsh platform epifauna revealing a diet almost exclusively of 
Spartina detritus.  The switch to Spartina detritus late in the growing season coincided with a 
decrease in algal Chl a (sediment) on the marsh platform and in the creek-wall habitat.  Although 
algal Chl a values decreased in both regions of the marsh, the dietary importance of Spartina 
detritus did not increase for most consumers from creek habitats.  The difference in the dietary 
importance of Spartina detritus in the two regions of the salt marsh may be for one or more of 
the following reasons.  First, resource use may be dependent on feeding mechanics for some 
consumers.  However, surface-feeding infauna from habitats across the intertidal gradient have 
flexible feeding modes and can both surface and suspension feed suggesting these consumers 
should be able to consume both algae and Spartina detritus deposited on the sediment surface or 
in the water column.  Second, Spartina detritus is relatively less nutritious than algae and may 
not be able to meet the complete nutritional demands of some consumers (Tenore 1988).   
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Finally, the relative abundance of Spartina detritus and algae may differ between the two regions 
of the marsh and possibly with proximity to live Spartina spp.   
Approach:  Natural Abundance Stable Isotopes, Isotope Additions and Mixing Models.  I 
used a combination of multiple natural abundance stable isotopes (δ13C and δ15N) and isotope 
tracers (enriched 13C and 15N) to determine the diet of saltmarsh consumers.  Of the two isotope 
approaches, multiple natural abundance stable isotopes are a more commonly used technique.  
However, I found the wide array of primary producers with similar isotope values limited the 
resolving power of the natural abundance approach especially for primary producers with 
intermediate isotope values (Chapters 2, 3 and 5).  I found the most powerful technique was the 
combined use of natural abundance stable isotope analysis with isotope tracer additions (Hughes 
et al. 2000, Carman & Fry 2002, Levin et al. 2006, van Oevelen et al. 2006, Galván et al. 2008).  
With the use of both small- and large-scale isotope additions, I was able to label primary 
producers creating distinct isotope values which could be followed through the food web via 
consumption of labeled primary producers.  This approach allowed for better resolution of basal 
resource contributions especially for primary producers with intermediate isotope values.    
 With stable isotope analysis, mixing models have become a requisite tool in food web 
ecology.  However, meeting criteria for reasonable food web resolution with mixing models is 
often difficult (Phillips and Gregg 2003).  For example, in my study there were multiple primary 
producers often with similar isotope values resulting in reduced dietary resolution.  Second, 
resolution of diets was minimal when consumer isotope values clustered in the middle of all 
basal resources (Chapters 2, 3 and 5). 
  The use of mixing models is further complicated by fractionation or trophic enrichment 
factors (TEFs).  For my mixing models, I utilized a range of TEFs (0.5-3.0‰) rather than the 
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average TEF of 3.4‰ suggested by Minagawa and Wada (1984) because in many cases, the use 
of 3.4‰ TEF resulted in no feasible dietary solution.  TEFs are the differences in δ13C and δ15N 
isotope values between consumers and resources that are the product of excretion and 
assimilation processes.  Because these processes change with age, diet quality, nutritional status, 
temperature, and excretory pathway (Adams and Sterner 2000, Vanderklift and Ponsard 2003), 
TEFs have been found to vary greatly (< 0 to > 6‰; Adams and Sterner 2000, Vander Zanden 
and Rasmussen 2001, McCutchen et al. 2003, Logan et al. 2006, Dubois et al. 2007).  Given the 
complexity of trophic fractionation, it is difficult if not impossible to accurately determine TEFs.  
Nonetheless, consumer isotope values must be corrected for TEFs prior to use in mixing models.  
Provided that primary producer isotope values are reasonably distinct, slight variations in TEF 
corrections result in minor differences in resource contributions (Vander Zanden and Rasmussen 
2001).  Yet for systems like salt marshes, natural abundance primary producer isotope values are 
often similar and small differences in TEFs utilized in mixing models may produce large 
differences in calculated dietary contributions.  One solution to this problem is the use of isotope 
tracer additions, which can create large differences in isotope values in primary producers such 
that the choice of TEFs has little effect on the resource contributions provided by mixing models.   
 Problems also arise when determining basal resource contributions with isotope 
additions.  First, for both natural abundance and isotope additions, isotope values of consumers 
must be in equilibrium for mixing models to give accurate dietary contributions (Fry 2006).  This 
means a priori knowledge of tissue turnover times is needed for the animals of interest.  
Therefore, even though the use of isotope tracers may reduce error associated with estimates of 
TEFs, incorrect estimates of species-specific tissue turnover times may result in inaccurate 
resource contributions.  Second, dietary contributions of unlabeled resources as determined by 
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mixing models may be overestimates.  For example, MPB in mudflat (epipelic diatoms) and 
creek wall (filamentous algae and associated epiphytic diatoms) were enriched in 15N relative to 
phytoplankton and Spartina spp. in both addition studies (Chapter 2 and 5).  However, 
consumers may have fed on some unlabeled, detrital fraction of MPB and thus not initially 
incorporated the 15N-tracer in tissues.  Incorporation of isotope label in detrital feeders is slower 
where the amount of time lag depends on the tissue turnover time of the basal resource.  
However, when consumers do not incorporate isotope labels or when incorporation is low, the 
unlabeled resources in mixing models are determined important dietary resources by default.  
Consequently, other complementary means of determining diet are needed such as gut content 
analysis.   
 Food-web resolution in salt marshes using stable isotopes may be difficult for additional 
reasons not mentioned above.  First, consumer isotope values reflect time-integrated use of 
resources, whereas isotope values of fast-growing algae are snapshots in time that may not 
reflect assimilated algal resources.  In such cases, isotope values of consumers that specialize on 
specific primary producers may be better suited as end members in mixing models.  Second, 
composite samples of phytoplankton and benthic diatoms are analyzed for isotopes; however, 
some consumers preferentially graze microalgae by size and/or species (Smith et al. 1996).  For 
example, in the PIE centric diatoms in phytoplankton samples ranged in diameter between 2 and 
78 µm.  Yet, whole phytoplankton frustrules in the guts of M. aestuarina never exceeded 20 µm 
and most were ~5 µm.  Highly selective grazers of microalgae may not have isotope values that 
reflect a composite microalgal sample.  Finally, primary producers and their detritus at varying 
stages of decomposition may not have similar natural abundance stable isotope values.  
However, Currin et al. (1995) found no differences between live and detrital S. alterniflora δ13C 
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values.  Nevertheless, in such cases and as suggested above, isotope values of consumers that 
specialize on specific primary producers and their detritus may be better suited as end members 
in mixing models.  Throughout this dissertation, live tissues of Spartina spp. were used for 
isotope analysis.  In Chapter 5 after the 42-day 15N-addition, the isopod P. vittata had a mean 
δ13C value slightly higher than live Spartina.  If isotope values of P. vittata were used as a proxy 
for Spartina, dietary contributions for Spartina would be slightly less than what was reported 
using live Spartina.  Thus, dietary contributions from Spartina may be overestimated.    
Evaluation of IsoError and IsoSource.  To determine the relative contribution of basal 
resources to the saltmarsh food web, I utilized multiple mixing models including three-source 
mixing models and IsoSource, a mixing model that determines all feasible solutions of diet when 
the number of sources is greater than n + 1, where n is the number of elements used.  The use of 
three-source mixing models may only be justified when combined resource contributions do not 
exceed three sources.  Based on a combination of the scientific literature (Fauchald and Jumars 
1979, Carman and Fry 2002, Pinckney et al. 2003, Hentschel and Larson 2005), field surveys of 
local resources and gut content analysis, I determined that most consumers analyzed, primarily 
infauna, appeared to have access to three major basal food resources: Spartina spp., 
phytoplankton and MPB, where the type of MPB (epipelic and epiphytic diatoms) available 
varied depending on habitat.  Consequently, I utilized the three-source mixing models for 
infauna species only (Chapters 2, 3 and 5).  The three-source model, IsoError, utilized standard 
deviations of primary producers and consumers as well as the number of replicates to  
determine percent basal resource contributions.  With natural abundance stable isotopes, IsoError 
primarily revealed resources that were not important to the diet of consumers.  However, 
resolution greatly increased with the three-source model after isotope tracers were added.   
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 To determine basal resource contributions from all collected primary producers to all 
saltmarsh consumers, I utilized IsoSource (Chapter 3 and 5).  IsoSource calculates the range of 
all possible feasible solutions thereby providing minimum and maximum contributions of 
primary producers.  Small ranges of primary producer contributions with low maximums are 
most informative.  Similar to the three-source mixing models, natural abundance stable isotopes 
utilized in IsoSource primarily determined resources that were not important to the saltmarsh 
food web.  However, unlike the three-source models, dietary resolution did not increase with 
tracer additions.   Regardless of the use of natural abundance stable isotopes or isotope tracers, 
IsoSource more often revealed wide ranges of high maximum dietary contributions.    As 
concluded by Phillips and Gregg (2003) and confirmed in this study, although the ranges of 
dietary contributions provided by IsoSource can be useful, the utility of this approach greatly 
decreases in situations where basal resources have similar isotope values (i.e. salt marshes).    
Basal Resources and Their Importance to the Saltmarsh Food Web of the Plum Island 
Estuary.  Even though primary production of Spartina spp. is high and often exceeds primary 
production of microalgae in salt marshes (Mann 2000), Spartina detritus appears to have a 
relatively reduced role in the saltmarsh food web of the PIE.  Instead, microalgae, including 
epipelic diatoms in the mudflat, epiphytic diatoms in creek wall and phytoplankton were 
dominant basal resources for the more abundant consumers in the PIE and the quick enrichment 
of consumer isotope values with isotope tracer additions suggest herbivory may be more a 
common feeding mode than detritivory in this marsh system.  Johnson (2008) determined the 
relative abundance of infauna in saltmarsh creeks in the PIE from habitats across the intertidal 
gradient.  The most abundant annelid species was the subsurface feeding oligochaete and 
detritivore, C. immota comprising 33% of all infauna.  This consumer primarily utilized Spartina 
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detritus as a dietary resource under ambient nutrient conditions.  However, the next five most 
abundant species included M. aestuarina, P. litoralis, S. benedicti, F. sabella and P. elegan, 
utilized microalgae as a primary basal resource and collectively comprised greater than 60% of 
all annelid abundances.  F. heteroclitus and P. pugio numerically dominated saltmarsh creeks of 
PIE comprising > 95% of all nekton and isotope mixing models indicated the dietary importance 
of phytoplankton and epiphytic algae, respectively.  Due to the limited volume of water in tidal 
creeks and the abundance of Spartina spp. detritus in the water column, the relatively greater 
dietary role of phytoplankton was surprising.  The dietary importance of Spartina detritus 
increased late in the growing season for grass shrimp and for some epifauna species suggesting a 
possible seasonal change in the relative contribution of primary producers to the food web.  
Because these multi-year food web studies were conducted from May to September only, it is 
possible that the dietary importance of algae is seasonal and the role of Spartina detritus 
increases at other times of the year.  
U.S. Salt Marshes.  Food web studies using stable isotope analysis have been conducted in salt 
marshes along the U.S. Atlantic and Pacific coasts as well as in the Gulf of Mexico.  In saltmarsh 
creeks of the Plum Island Estuary, Massachusetts, I found a relatively greater dietary reliance on 
algae including phytoplankton and edaphic algae for a variety of saltmarsh consumers compared 
to many other U.S. Atlantic salt marshes.  Isotope analysis of consumers from the Great 
Sippewissett salt marsh in southern Massachusetts revealed the dietary importance of Spartina 
detritus and to a lesser extent, phytoplankton (Peterson et al. 1986), while consumer isotope 
values from a North Carolina salt marsh suggested a mixed diet of edaphic microalgae and 
Spartina detritus (Currin et al. 1995).  Consumers from the Sapelo Island marshes in Georgia had 
isotope values suggestive of a mixed diet of phytoplankton and Spartina detritus (Peterson and 
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Howarth 1987).  However, similar to findings in the PIE, food web studies conducted in 
Louisiana (Maddi et al. 2006, Maddi 2003) and Mississippi (Sullivan and Moncreiff 1990) salt 
marshes revealed phytoplankton and edaphic algae were the most important basal resources for 
many consumers but Spartina dietary contributions increased for some consumers in the fall in 
Louisiana.  Unlike other Gulf Coast salt marshes, stable isotope analysis of consumers from the 
Mad Island Marsh in Texas revealed the dietary importance of macrophytes, including S. 
alterniflora, for most fish and macroinvertebrates (Winemiller et al. 2007).  In addition, an 
isotope enrichment study conducted in a northern California salt marsh revealed somewhat 
contrasting results to the saltmarsh food web of the PIE.  Specifically, Levin et al. (2006) 
indicated Spartina detritus was an important dietary resource for infauna including both 
polychaetes and oligochaetes but algae was an important basal resource for an amphipod.  In a 
southern California salt marsh, Kwak and Zedler (1997) revealed Spartina, specifically S. 
foliosa, was the most important food resource for a variety of fishes while macroalgae was an 
important food resource for invertebrates and a bird.      
The saltmarsh food web in tidal creeks of the PIE may differ from other salt marshes for 
a variety of reasons.  Compared to more southerly marshes, the growing season is relatively short 
in PIE and may limit primary productivity.  In addition, stems of Spartina spp. do not stand long 
after senescence but instead are detached by ice in winter months.  The sheared Spartina detritus 
may be deposited on sediments or exported with the tide.  Thus, availability of Spartina detritus 
and the importance of trophic intermediates on standing dead Spartina (fungi) or deposited 
detritus (bacteria) may be limited in PIE relative to other marshes.  Also, the relative contribution 
of primary producers to saltmarsh food webs may vary among systems with different tidal 
regimes.  The PIE has semi-diurnal tides and a ~3 m tidal flux.  Gulf Coast marshes have diurnal 
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tides and tidal fluxes are typically low (< 1 m) and often driven by wind while U.S. pacific salt 
marshes have mixed diurnal tides and relatively lower tidal fluxes than PIE.  Because 
phytoplankton availability is restricted with the tide, the dietary importance of phytoplankton as 
well as other primary producers may vary among salt marshes that have different tidal fluxes.  
Third, PIE has a relatively reduced diversity compared to other salt marshes.  There are no 
Callinectus sapidus (blue crabs), Littoraria irrorata (a fungal farming snail) and no Sciaenid 
fish.  In addition, key species near the top of the food web in PIE are omnivores.  The relatively 
reduced diversity and omnivory may explain the diminished role of top-down control in PIE 
found by Johnson (2008).  Finally, the steep, almost vertical creek wall in saltmarsh creeks of the 
PIE is a function of the high tidal amplitude but rare in most salt marshes.  Infauna abundances 
were highest in the creek wall (Johnson et al. 2007) and filamentous algae and epiphytic diatoms 
were abundant in this habitat.  In addition, changes in primary producer dietary contributions 
with nutrient additions were found primarily in the creek wall.  Specifically, the most abundant 
infauna species and Spartina detritivore, C. immota, switched to a diet almost exclusively of 
epiphytic diatoms after 10 weeks of nutrient additions.  The filamentous algae in creek-wall 
habitat may provide a protective canopy from predation for some infauna while epiphytic 
diatoms provide a potential food resource that may respond quickly to nutrient additions either 
through increases in biomass or changes in community composition.  However, the importance 
of epiphytes in supporting secondary production in salt marshes is rarely studied.       
Overall Food Web Dynamics.  Traditionally, salt marsh food webs are thought to be fueled by 
the detritus of Spartina.   Yet, most consumers in the PIE relied on a diet of MPB and 
phytoplankton either directly or indirectly through trophic intermediates regardless of presumed 
feeding group or the proximity of Spartina spp.  However, dietary contributions from Spartina 
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detritus increased for some consumers late in the growing season when sediment Chl a 
decreased.  Consequently, assimilation of Spartina spp. detritus seems limited and perhaps 
associated with the scarcity of benthic and pelagic algae.  Thus, the food web of saltmarsh creeks 
in the PIE may be detritus-based, although the detritus utilized may be of an algal source.  
Overall, my observations suggest that many saltmarsh consumers have flexible dietary needs and 
feeding strategies that may change over space and time, with nutrient concentrations and among 
species making traditional functional grouping problematic.  
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APPENDIX A.  SPECIES NAME, GROUP NAME, LOCATION COLLECTED AND FEEDING HABITS OF CONSUMERS 
ANNALYZED FROM SALTMARSH CREEKS IN THE PLUM ISLAND ESTUARY, MASSACHUSETTS 
 
Species name Group name Habitat* Feeding habits Reference 
Vertebrate     
Fundulus heteroclitus killifish creek omnivore Kneib 1988,1987 and 1986 
Invertebrates     
Palaemonetes pugio grass shrimp creek omnivore 
Cross and Stiven 1999, Kneib 
1987 
Leptochelia savignyi tanaid CW grazer  
Orchestia grillus amphipod SP shredder Lopez et al. 1977 
Philoscia vittata isopod SP surface deposit feeder  
Scottolana Canadensis 
harpacticoid 
copepod MF feeding currents - water column Heinle et al. 1977 
Nannopus palustris 
harpacticoid 
copepod MF, CW deposit feeder, grazer  
Heterolaophonte sp. 
harpacticoid 
copepod CW grazer  
Guekensia demissa ribbed mussel CW suspension feeder Kreeger and Newell 2000 
Ilyanasa obsoleta mud snail MF grazer, detritivores, carrion 
Gurin and Carr 1971, Feller 1984, 
Miller et al. 1996 
Melampus bidentatus coffee bean snail SSA grazer, detritivores  
Nereis diversicolor polychaete MF, CW 
surface deposit feeder, subsurface deposit feeder, 
suspension feeder  Fauchald and Jumars 1979 
Streblospio benedicti polychaete MF surface deposit, suspension feeder Fauchald and Jumars 1979 
Pygospio elegans polychaete CW surface deposit, suspension feeder Fauchald and Jumars 1979 
Manayunkia aestuarina polychaete CW, TSA, SP surface deposit, suspension feeder  Fauchald and Jumars 1979 
Fabricia sabella polychaete CW surface deposit, suspension feeder Fauchald and Jumars 1979 
Paranais litoralis oligochaete 
MF, CW, TSA, 
SP subsurface and surface deposit feeder Fauchald and Jumars 1979 
Cernosvitosviella immota oligochaete CW, TSA, SP subsurface deposit feeder Fauchald and Jumars 1979 
*Abbreviations include mudflat (MF), creek wall (CW), tall S. alterniflora (TSA), S. patens (SP) and stunted S. alterniflora (SSA)
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